Characterization of the α&#039;-Martensite phase and its decomposition in Ti-6Al-4V additively manufactured by selective laser melting by Cho, J
  
Characterization of the α′-Martensite Phase and Its 
Decomposition in Ti-6Al-4V Additively Manufactured by 
Selective Laser Melting  
 









School of Engineering 










I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to qualify for 
any other academic award; the content of the thesis is the result of work which has been 
carried out since the official commencement date of the approved research program; any 
editorial work, paid or unpaid, carried out by a third party is acknowledged; and, ethics 
procedures and guidelines have been followed. 
 
I acknowledge the support I have received for my research through the provision of an 
Australian Government Research Training Program Scholarship. 
 
Jaiyoung Cho 










To my beloved wife and son 












First and foremost, I would like to express my gratitude to my supervisors Prof. Ma 
Qian and Ass. Prof. Wei Xu for their patient, support and guidance throughout this study. Ma 
Qian has always pushed me to think logically and critically and criticized me. Sometimes I 
was really frustrated but I can now understand those are essential virtues that good researcher 
has to possess. In addition, his teaching encourages me to have right understanding as well as 
cool head about my discipline. I am sure that his guidance leads me to right path to be better 
researcher who can carry out research independently. I would like to take this time to say 
thanks Ma.  
Assoc. Prof. Wei Xu has always been there when I need help and reassurance. I feel 
that I have learnt a lot of things from his supervision. After countless hours of study, 
experiments and writing there are indeed moments of frustration and awareness that what I 
have done is not enough. Wei has taught me that I should learn from those hard times. His 
constructive and insightful comments throughout my research have been priceless, thanks 
Wei.  
Sincere thanks goes to all of the staff in the RMIT Microscopy and Microanalysis 
Facility; Mr. Phil Francis, Dr. Mattthew Field, Dr. Edwin Mayes, Ms. Masturina Kracica and 
Mr. Peter Rummel. Without supports from you guys, my research has never been conducted. 
Matt, your passion and great mind toward new research area and characterization techniques 
have been remembered. I always feel great and happy with you. I really appreciate great 
IV 
 
efforts and devotions of all staffs. 
I also give my gratitude to my friends in the research group; Na, Dr, Tingting, Syed, 
Carmelo, Nabi, Afrin. I can refresh my mind and head by small chat with you and this 
enables me to refresh my mind and brain in the time of successive big days during PhD.  
I would like to thank my Korean friends; Ilboong, Sangyou, Woochul, Hangyul, 
Seungwon, Sunghoon, Jaehoon. Whenever I encountered troubles during settle down in 
Melbourne as a stranger or feel lonely and tremendous amount of burden as a husband and 
PhD candidature, the times we shared together have given to me the power and wisdom to 
tackle the problem and refresh my mind. The times with you is remembered forever. 
At last but not least, I want to exclaim loudly that I love you mom and daddy. I 
always really appreciate your endless love, support, patient and faith. I cannot be here 





Publications and Presentations during Candidature 
Peer-reviewed Journal Papers 
[1] J. Cho, W. Xu, M. Brandt, M. Qian, Selective laser melting-fabricated Ti-6Al-4V alloy: 
Microstructural inhomogeneity, consequent variations in elastic modulus and implications, 
Optics and Laser Technology (accepted for publication on 29 August 2018) 
[2] J. Cho, W. Xu, M. Brandt, M. Qian, Improved understanding of the characteristics of the 
α′-martensite phase and its role in controlling the mechanical performance of Ti-6Al-4V 




[1] J. Cho, W. Xu, S. Sun, M. Brandt, M. Qian, Characterization of the martensite phase in 
Ti-6Al-4V alloy fabricated by selective laser melting (SLM), 1
st
 Asia Pacific International 
Conference on Additive Manufacturing (APICAM 2017), 4-6 December, 2017, RMIT 
City Campus, Melbourne, Australia, oral presentation 
[2] J. Cho, W. Xu, M. Qian, Microstructural Homogeneity of Ti-6Al-4V alloy Manufactured 
by Selective Laser Melting Technique, 5th Conference of the Combined Australian 
Materials Societies (CAMS 2016), 6-8 December, 1061, Swinburne University of 




List of Abbreviation 
1D – one dimensional 
2D – two dimensional 
3D – three dimensional 
AC – air cooling 
AFM – atomic force microscope 
AM - Additive manufacturing 
Ar – argon 
Ar – argon  
ASTM – American Society for Testing and Materials 
BCC – body-centered cubic 
BSE – backscattered electron 
CAD – computer aided design 
CET – columnar-to-equiaxed transition 
COD – crystallography open database 
Cu – copper 
VII 
 
Cu – copper  
DMD – direct metal deposition 
EBF – electron beam freeform 
EBM – electron beam melting 
EBSD – electron backscatter diffraction 
ELI – extra low interstitial  
ETD – Everhart-Thornley detector 
FC – furnace cooling  
FEGSEM – field emission gun secondary electron microscope 
FEGTEM – field emission gun transmission electron microscope 
FFT – fast Fourier transform 
FIB – focused ion beam 
FOD – focal offset distance 
Ga – gallium  
GA – gas atomized 
GADDS – general area detector diffraction system 
GSAS – general structure analysis system 
VIII 
 
HCF – high cycle fatigue 
HCP – hexagonal close-packed 
HIP – hot isostatic pressing 
HRTEM – high resolution transmission electron microscope 
ICDD – international centre for diffraction data 
IPF – inverse pole figure 
KPQ – Kikuchi pattern quality 
LENS – laser engineered net shaping 
LMD – laser metal deposition 
LSW – Lifshitz-Slyozov-Wagner 
MA – mill annealed  
MA Ti64 – mill-annealed Ti-6Al-4V 
MMCs – metal matrix composites 
NASA – national aeronautics and space administration 
PDF – powder diffraction file 
PREP – plasma-rotating electrode process 
RT – room temperature 
IX 
 
SE – secondary electron 
SEBM – selective electron beam melting 
SEM – secondary electron microscope 
SiC – silicon carbide 
SLM – selective laser melting  
SLM Ti64 - Ti-6Al-4V fabricated using selective laser melting process. 
STA – solution treated and aged 
STEM – scanning transmission microscope 
STOA – solution treated and over aged 
TEM – transmission electron microscope 
Ti – titanium  
TIG – tungsten-electrode inert gas 
Tl – liquidus temperature 
Ts – solidus temperature 
UTS – ultimate tensile strength 
WAAM – wire arc additive manufacturing 
WLAM – wire fed laser additive manufacturing 
X 
 
WQ – water quenched 
XRD – X-ray diffractometer 
YS – Yield strength 




List of figures 
Fig.2.1. Summary of metal additive manufacturing. 
Fig.2.2. Schematic diagram of a generic SLM process. 
Fig.2.3. schematic diagram of direct metal powder deposition. 
Fig.2.4. Schematic diagram of wire fed AM system using (a) electron beam and (b) plasma. 
Fig.2.5. Schematic of the development of a Widmanstatten structure in an Ti-6Al-4V alloy. 
Fig.2.6. Lamellar microstructure of Ti-6Al-4V alloy formed by different cooling rate of (a), 




Fig.2.7. Optical micrographs of equiaxed Ti-6Al-4V microstructure at different holding times: 
(a) 930°C / 2 hours followed by furnace cooling (FC )+600 / 2 hours followed by air cooling 
(AC); (b) 930°C / 2hours, FC + 600°C / 14 hours, AC; (c) 930 °C / 36 hours, FC + 600°C / 2 
hours, AC; and (d) 930°C / 2 hours, FC + 600°C / 60 hours, AC. 
Fig.2.8. Schematic diagram of processing route for equiaxed microstructure of Ti-6Al-4V 
alloy. 
Fig.2.9. Bi-modal (solution treated and overaged, STOA) microstructure of Ti-6Al-4V. 
Fig.2.10. Measured lattice parameters in Ti-6Al-4V as a function of temperature for both the 




Fig.2.11. Optical micrographs of Ti-6Al-4V alloy cooled at (a) 525 °C/s and (b) 275 °C/s 
after solution treated at 1050 °C for 30 min. 
Fig.2.12. Schematic continuous cooling diagram for Ti-6Al-4V β solution treated at 1050 °C 
for 30 min. 
Fig.2.13. Young′s modulus of Ti-6Al-4V alloy as a function of specimen orientation in 
textured material. 
Fig.2.14. Microstructure of Ti-6Al-4V additively manufactured by selective laser melting 
(SLM), selective electron-beam melting (SEBM), and laser metal deposition. (a) fully 
martensitic (α′) (SLM), (b) fully fine lamellar α-β, (c) lamellar α-β (circled area), α′ 
martensite, and non-lamellar α-β (SEBM), (d) α′ martensite + massive α grains (αm) (marked 
areas) + lamellar α-β (SEBM), (e) α′ martensite + partially decomposed α′ (laser powder 
deposition), and (f) α′ + partially decomposed α′ (laser wire deposition). 
Fig.2.15. Example of (a) a gas-trapped pore, (b) lack-of-fusion defect in selective electron 
beam melting (SEBM)-fabricated Ti-6Al-4V, (c) unmelted or incompletely melted parts of Ti-
6Al-4V observed on tensile fracture surface of an SEBM Ti-6Al-4V and (d) internal pores in 
as-gas atomized Ti-6Al-4V particles. 
Fig.2.16. Tensile yield strength versus inverse square root of α-lath thickness for lamellar α-β 
microstructure. 
Fig.2.17. Yield strength vs. tensile elongation to failure for Ti-6Al-4V fabricated by different 
means. 
Fig.2.18. Diagram for Burgers orientation relationship between α- and β-phase in Ti-6Al-4V. 
XIII 
 
Fig.2.19. EBSD α′ orientation map and the corresponding colour scheme of a specimen (the 
black arrow indicates the building direction) and corresponding contour pole figures of (a) 
XZ plane, (b) YZ plane and, XY plane of the sample and (d) variant frequency distribution of 
α′ phase. 
Fig.3.1. (a) Size distribution and (b) SEM micrograph of the TLS Ti-6Al-4V powder. 
Fig.3.2. (a) SLM 250 HL system and (b) the building chamber. 
Fig.3.3. Schematic diagram of SLM process. 
Fig.3.4. Schematic diagram of chessboard scanning strategy. 
Fig.3.5. (a) A snapshot of the micro-XRD and (b) the camera view of the region of interest 
indicated by a laser pointer. 
Fig.3.6. Schematic diagram of slice and view technique. 
Fig.3.7. (a) Heating element inside a dome and (b) overview of Anton Paar dome furnace. 
Fig.4.1. (a)-(d) Scanning electron micrographs, (e) inverse pole figure (IPF) map, (f) Kikuchi 
pattern quality (KPQ) map of SLM-fabricated Ti-6Al-4V alloy in as-built state. (g) is a 
schematic diagram that summarizes the microstructural features observed. 
Fig.4.2. (a) TEM bright field image and (b) high resolution TEM micrograph and (c) fast 
Fourier transformed (FFT) pattern of SLM-fabricated Ti-6Al-4V alloy. 
Fig.4.3. SEM micrographs of the (a) 100W-Ti-6Al-4V sample, (b) the 175W-Ti-6Al-4V 
sample and (c) comparison of characters of those. 
XIV 
 
Fig.4.4. SEM micrographs of the (a) 100W-Ti64 and the (b) 175W-Ti64 samples to show 
twinned microstructures. 
Fig.4.5. X-ray diffraction patterns of the 100W-Ti64, 175W-Ti64 and annealed SLM-Ti64 
samples. 
Fig.4.6. The reconstructed three dimensional morphologies of individual (a) primary, (b) 
secondary, (c) tertiary, and (d) quaternary martensite plate in same scale. 
Fig.4.7. 3D configurations of martensite plates: (a) Overview, (b) primary and secondary 
plates, (c) secondary and tertiary plates and (d) tertiary and quaternary plates. 
Fig.4.8. The reconstructed three dimensional morphology of α′-martensite plates when 
viewed in the (a) X, Y and Z space, (b) the XY plane, (c) the YZ plane and (d) the XZ plane. 
Fig.4.9. Schematic illustration to show the same martensite place or patch can be viewed as 
needle-like, lath-like, lenticular and patch-like in a 2D view. 
Fig.4.10. Engineering strain and stress curve of as-built 100W-Ti64 and 175W-Ti64 samples 
by SLM. 
Fig.5.1. SEM micrographs of (a) as-built SLM Ti64 and (c) water quenched MA Ti64. 
Fig.5.2. Representative microstructures of MA Ti64 samples after annealing at various 
temperatures for 2 hours. 
Fig.5.3. Representative microstructures of SLM Ti64 samples after annealing at various 
temperatures for 2 hours. 
Fig.5.4. X-ray diffraction results of (a) SLM Ti64 and (b) water-quenched mill-annealed Ti64 
XV 
 
after 2h at different temperatures followed by air cooling. 
Fig.5.5. (a) Width and (b) aspect ratio of the α- or α′-phase after 2 h of isothermal holding at 
different temperatures. 
Fig.5.6. Representative microstructures of SLM-fabricated and water-quenched mill-annealed 
Ti-6Al-4V after isothermal annealing at 600 °C for various time. 
Fig.5.7. Representative microstructures of SLM-fabricated and water-quenched mill-annealed 
Ti-6Al-4V after isothermal annealing at 800 °C for various time. 
Fig.5.8. Width of the α- or α′-phase during isothermal treatment at (a) 600° C and (b) 800 °C. 
Aspect ratio of the α- or α′-phase during isothermal treatment at (c) 600 °C and (d) 800 °C. 
Fig.6.1. (a) Heating element inside the dome and (b) overview of the Anton Paar dome 
furnace. 
Fig.6.2. 2D surface map indicating transition of diffraction patterns acquired from (a) the 
SLM-fabricated Ti-6Al-4Vsample and (b) water-quenched mill-annealed Ti-6Al-4V. 
Fig.6.3. Micro-strain, lattice volume and c/a value of the α′- or α-phase in (a) SLM-fabricated 
Ti-6Al-4V and (b) water-quenched mill-annealed Ti-6Al-4V. The volume fraction of each 
constituent phase is shown in (c). 
Fig.7.1. Illustration of specimen dimensions and selected build heights for (a) phase 
identification by μ-XRD and characterisation of elastic modulus and (b) contour map of c/a 
ratios for the α- or α'-phase and lattice parameter for the -phase by μ-XRD. 
Fig.7.2. μ-XRD obtained from different build heights shown in Fig.7.1a. (b) is a closer view 
XVI 
 
of the 2 range from 38º to 42º in order to identify the β-phase. 
Fig.7.3. SEM-BSE images showing distinct variations of microstructures at different build 
heights shown in Fig.7.1a. 
Fig.7.4. Thickness distribution of the α- or α'-lath at each build height shown in Fig.7.1a (300 
measurements at each height). 
Fig.7.5. Contour maps of (a) c/a ratios for the α- or α'-phase and (b) lattice parameter a for -
phase across the section of 12 mm × 19.8 mm shown in Fig.7.1b based on μ-XRD 2D 
patterns. The blank or white region in Fig.7.5b indicates the absence of the β-phase by μ-
XRD. 






List of tables 
Table 2.1. Tensile properties of Ti-6Al-4V with different heat treatment condition leading to 
different microstructure. 
Table 2.2. Minimum tensile properties of mill-annealed and solution-treated and aged (STA) 
Ti-6Al-4V at room temperature. 
Table 3.1. SLM processing parameters used to fabricate samples. 
Table 3.2. Post-SLM heat-treatment conditions. 





Chapter 1. Introduction ...................................................................................... 5 
1.1. Background ...................................................................................... 5 
1.2. Motivation ......................................................................................... 7 
1.3. Research tasks .................................................................................. 8 
1.4. References ........................................................................................ 9 
Chapter 2. Literature Review ........................................................................... 13 
2.1. Metal Additive manufacturing ...................................................... 13 
2.1.1. Overview of additive manufacturing ....................................................................... 13 
2.1.2. History of metal additive manufacturing ................................................................ 15 
2.1.3. Classification of metal additive manufacturing processes ...................................... 17 
2.1.3.1. Powder-bed fusion ................................................................................................... 17 
2.1.3.2. Direct metal deposition ........................................................................................... 20 
2.1.4. Metallic materials for additive manufacturing ........................................................ 26 
2.1.4.1. Titanium and titanium alloys ................................................................................... 26 
2.1.4.2. Nickel-based superalloys ......................................................................................... 27 
2.1.4.3. Aluminium alloys .................................................................................................... 27 
2.1.4.4. Steels ....................................................................................................................... 27 
2.1.4.5. Other metallic materials .......................................................................................... 28 
2.2. Ti-6Al-4V alloy by conventional manufacturing .......................... 28 
2.2.1. Typical microstructures of Ti-6Al-4V .................................................................... 30 
2.2.2. Mechanical properties ............................................................................................. 41 
2.2.3. Corrosion and chemical properties .......................................................................... 47 
2.3. Ti-6Al-4V alloy by additive manufacturing .................................. 48 
XIX 
 
2.3.1. Macro and microstructures ...................................................................................... 48 
2.3.2. Additive manufacturing defects .............................................................................. 53 
2.3.3. Mechanical performance ......................................................................................... 56 
2.3.4. Crystallographic orientation .................................................................................... 61 
2.4. Knowledge gaps identified from the literature review .................. 64 
2.5. References ...................................................................................... 65 
Chapter 3. Experimental Methods, Procedures and Characterization .......... 96 
3.1. Selective laser melting .................................................................... 96 
3.2. Post-SLM heat treatment ............................................................... 99 
3.3. Phase identification and microstructural characterization ....... 101 
3.4. 3D reconstruction of microstructure ........................................... 104 
3.5. Characterization by in-situ synchrotron X-ray diffraction ........ 105 
3.6. Mechanical properties.................................................................. 107 
3.7. References .................................................................................... 108 
Chapter 4. Characterization of α′-Martensite in Ti-6Al-4V Fabricated by 
Selective Laser Melting .................................................................................... 109 
4.1. Introduction .................................................................................. 109 
4.2. Experimental procedure .............................................................. 111 
4.3. Results and discussion ................................................................. 112 
4.3.1. Martensite in SLM-fabricated Ti-6Al-4V – 2D features ...................................... 112 
4.3.2. Martensite in SLM-fabricated Ti-6Al-4V – 3D features ...................................... 121 
4.3.3. Tensile properties .................................................................................................. 125 
4.4. Conclusions .................................................................................. 127 
XX 
 
4.5. References .................................................................................... 128 
Chapter 5. Martensite Decomposition in Additively and Conventionally 
Manufactured Ti-6Al-4V ................................................................................. 132 
5.1. Introduction .................................................................................. 132 
5.2. Experimental procedure .............................................................. 134 
5.3. Results and discussion ................................................................. 135 
5.4. Conclusions .................................................................................. 147 
5.5. References .................................................................................... 149 
Chapter 6. In-situ Synchrotron X-ray Analysis of Martensite Decomposition 
in Additively and Conventionally Manufactured Ti-6Al-4V .......................... 153 
6.1. Introduction .................................................................................. 153 
6.2. Experimental procedure .............................................................. 155 
6.3. Results ........................................................................................... 157 
6.4. Discussion ..................................................................................... 165 
6.5. Conclusions .................................................................................. 167 
6.6. References .................................................................................... 168 
Chapter 7. Selective laser melting-fabricated Ti-6Al-4V: microstructural 
inhomogeneity, consequent variations in elastic modulus and implications 172 
7.1. Introduction .................................................................................. 172 
7.2. Experimental procedure .............................................................. 173 
7.2.1. Mateials and slective laser melting .................................................................... 173 
7.2.2. Characterisation .................................................................................................. 174 
7.3. Results ........................................................................................... 177 
XXI 
 
7.3.1. Constituent phases and microstructures at different build heights ............... 177 
7.3.2. Characterisation of constituent phases by lattice parameters based on μ-XRD . 
  ............................................................................................................................... 181 
7.3.3. Elastic modulus at different build heights ........................................................ 184 
7.4. Discussion ..................................................................................... 185 
7.4.1. Microstructural inhomogeneity in SLM-fabricated Ti-6Al-4V ...................... 185 
7.4.2. Elastic modulus of martensite in SLM-fabricated Ti-6Al-4V and implications.. 
  ............................................................................................................................... 187 
7.5. Summary ....................................................................................... 188 
7.6. References .................................................................................... 189 
Chapter 8. Conclusions and Recommendations for Future Work ............... 193 
8.1. Conclusions .................................................................................. 193 







 This thesis has focused on characterising the α′-martensite phase in Ti-6Al-4V 
additively manufactured by selective laser melting (SLM) and understanding its 
decomposition behaviours under different conditions. The α'-martensite phase is a 
predominant phase in SLM-fabricated Ti-6Al-4V alloy under typical SLM processing 
conditions. It can be categorized into four types, namely primary, secondary, tertiary and 
quaternary, in accordance with their size and location in prior-β grains. Some α'-martensite 
phases are heavily twinned while other α'-martensite phases contain very few twins. It is 
shown that SLM-fabricated Ti-6Al-4V alloy that has smaller prior-β grain sizes and a larger 
amount of twinned martensite plates exhibit better tensile strength (1034 MPa) and ductility 
(11.1 %) than other SLM-fabricated Ti-6Al-4V.  
The slice-and-view technique with focused ion beam / scanning electron microscope 
(FIB/SEM) dual beam system has been used to further investigate the three dimensional (3D) 
morphology of the α'-martensite  phase. Although different morphological features of the α'-
martensite phase have been observed in 2D micrographs, it is confirmed that the 3D 
morphology of the α'-martensite phase in SLM-fabricated Ti-6Al-4V is all plate- or patch-like, 
irrespective of their size. The α'-martensite phase forms in sequence from primary to 
quaternary martensite in a manner of gradually filling the space of the retained β-phase 
between the martensite plates that are formed earlier than those to form.  
 To acquire a profound understanding of the in-situ decomposition of the α′-
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martensite phase during the SLM process, SLM-fabricated Ti-6Al-4V and water-quenched 
mill-annealed (MA) Ti-6Al-4V specimens were annealed under a variety of conditions. 
Twinned α′-laths in SLM-fabricated Ti-6Al-4V are still visible after being annealed at 410 °C 
for 2 h and at 600 °C for 0.5 h but they disappeared at higher annealing temperatures or 
longer annealing times. The β-phase began to be observed in both SLM-fabricated Ti-6Al-4V 
and water-quenched mill-annealed (MA) Ti-6Al-4V when annealed at temperatures higher 
than 600°C for longer than 2 h. The morphology of the β-phase changed from discrete 
particle-like to thin fibre-like with increasing annealing temperature above 600 °C for a fixed 
annealing time of 2 h.  
 The thickness of the α-phase decomposed from the α′-phase in SLM-fabricated and 
water-quenched MA Ti-6Al-4V grew with increasing annealing time and/or temperature. The 
growth rate of the α-lath thickness in water-quenched MA Ti-6Al-4V was faster than that in 
SLM-fabricated Ti-6Al-4V with increasing annealing temperature for a fixed annealing time 
of 2 h. In contrast, their growth rates are similar when annealed at 800 °C with respect to 
different times. The aspect ratio of the α-phase in both alloys gradually decreased with 
increasing annealing temperature and time. The α′-phase was retained in both alloys when 
annealed at temperatures below or at 600 °C. For example, no significant change in the aspect 
ratio and thickness of the α'-phase in both SLM-fabricated and water-quenched MA Ti-6Al-
4V was observed after annealing at 600 °C for various annealing times. The α′-phase 
gradually decomposed into the α-phase and -phase at temperatures above 600 °C. However, 
the α-phase in the SLM-fabricated Ti-6Al-4V showed lower aspect ratios than that in water-
quenched MA Ti-6Al-4V after annealing at temperatures from 700 °C to 930 °C for a 
constant hold of 2 h or at 800 °C for 0.5 h to 20 h. The different growth rates and changes in 
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aspect ratio of the α-phase in both alloys are attributed to different microstructures such as the 
size of the α′-phase and prior-β grains in those alloys before annealing. 
 High energy synchrotron X-ray diffraction was employed to investigate the 
decomposition of the α′-martensite phase in SLM-fabricated and water-quenched MA Ti-6Al-
4V. The α′-martensite phase and a small amount of β phase were found in both alloys.  No 
α″-martensite and ω-phase were found during in-situ heating. However, the α2-phase (Ti3Al) 
appeared at temperatures higher than 500 °C in both alloys. With increasing temperature, the 
micro-strain level applied to the HCP lattice (α- or α′-phase) was reduced while the c/a ratio 
of the lattice was increased. The volume fraction of the β-phase kept increasing at 
temperatures higher than 700 °C. The lattice volume of the α- or α′-phase in water-quenched 
MA Ti-6Al-4V gradually increased while that in SLM-fabricated Ti-6Al-4V fluctuated. The 
twinned α′-phase in the SLM-fabricated Ti-6Al-4V showed different decomposition 
behaviours relative to the α′-phase in water-quenched MA Ti-6Al-4V. 
  Scanning electron microscopy and micro X-ray diffraction (μ-XRD) were 
performed to investigate microstructural inhomogeneity in SLM-fabricated Ti-6Al-4V 
cylindrical specimens of 12 mm in diameter and 20 mm in height. μ-XRD (beam size: 500 
μm) was applied to 40 uniformly spaced regions at different build heights, assisted with 
microscopic examination. The thickness of α- or α′-phase gradually decreased from the 
bottom to the top of the SLM-fabricated Ti-6Al-4V specimen. The distribution of lattice 
parameters for each phase was mapped out based on a detailed analysis of the μ-XRD two-
dimensional (2D) diffraction data (ring patterns). The α-phase and β-phase were observed in 
the bottom half of the specimen while the region above the mid-height is comprised of 
predominant α'-martensite with the top 3.5-mm thick region being fully martensitic. In 
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relation to this, the elastic modulus was found to decrease almost linearly from the mid-
height to the top. It was further shown that μ-XRD 2D ring patterns offered an improved 
approach to characterising the β-phase in SLM Ti-6Al-4V.  
 The research findings made from this project contribute to an improved 




Chapter 1. Introduction 
1.1. Background 
 Additive manufacturing (AM) as one of the most compelling and advanced 
manufacturing techniques can directly fabricate objectives from the feedstock with model 
initially generated using a three-dimensional (3D) computer aided design (CAD) system. To 
be more specific, the objectives in the AM system are manufactured by superposing layers of 
material and each layer corresponds to a thin cross-section of the models derived from the 
original CAD data [1-3].  
 For the last decade, AM has taken centre stage in the emerging manufacturing sector, 
not only for prototypes but also for applicable products. The interest in AM continues to grow 
quickly because it has great potential to overcome drawbacks revealed in conventional 
manufacturing methods with a variety of unique advantages [4]. Specifically, the AM 
technologies facilitate production of net-shaped or near net-shaped objectives having a 
complex geometry and even complicated internal structures that cannot be achievable by 
conventional manufacturing means [5]. This allows fabrication of perfectly customized 
products. In addition, the manufacturing cost can be significantly reduced using AM due to 
the high efficiency of using feedstock materials without the need of tooling [6, 7].  Today, 
AM of polymeric materials has essentially entered a mature development stage. The next 
natural development of AM is to manufacture metallic components including metals, alloys 
and metal matrix composites (MMC) for structural or functional applications [8]. 
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 A wide range of AM processes for metal fabrication has been developed at present. 
Among them selective laser melting (SLM) is one of most widely used AM processes for 
metal AM with a variety of advantages compared to the other metal processes such as 
electron beam melting (EBM) and direct metal deposition (DMD). The SLM process offers 
low surface roughness and high dimensional accuracy due to its small layer thickness and 
fine powder size. In addition, the maintenance cost is relatively low [7]. With those 
superiorities, the SLM has been applied to a wide range of metals and alloys such as Ti-, Ni-, 
Al- and Fe-based alloys. 
 Titanium alloys are attractive due to two outstanding properties: high specific 
strength and excellent corrosion resistance. This also explains their preferential use in the 
aerospace sector, the chemical processing industry, medical engineering, and the leisure 
sector.  Titanium alloys can further be used at temperatures between 300 °C and 600 °C, 
which are important for aero-engine applications [9]. In particular, Ti-6Al-4V is the most 
widely used titanium alloy accounting for over 50% of the global titanium market. As an α/β 
titanium alloy, Ti-6Al-4V has various forms of microstructure resulting in diverse properties 
allowing expansion of its usage in many applications.  
 The titanium metal is manufactured by the Kroll process (a batch process) and no 
continuous process exists. In addition, the material output factor, which is called the ―fly-to-
buy-ratio‖, is typically around 10 in manufacturing the Ti-6Al-4V components via machining 
from wrought blanks. Currently, the titanium products manufactured from wrought blanks 
account for 95% of the market [10]. To minimize manufacturing cost, near-net shape 
manufacturing such as metal AM is highly desired. For instance, it is reported that the fly-to-
buy-ratio is significantly reduced from 15-20 with conventional manufacturing to 1.5-5 with 
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AM [5]. For these reasons, AM has received much attention in the manufacturing research 
field with the expectation that it can address some critical drawbacks in the production of Ti-
6Al-4V components by conventional manufacturing.  
 
1.2. Motivation 
 Since AM has great potential to tackle the disadvantages of the conventional 
manufacturing techniques for the fabrication of Ti-6Al-4V and other alloys products,  
significant research on AM of Ti-6Al-4V has been conducted. However, most studies have 
reported low ductility in the as-built state, compared to the conventionally manufactured Ti-
6Al-4V. This deficiency is mainly caused by the predominant acicular α′-martensite [11-13]. 
Since microstructure often determines the mechanical, chemical and even electrical 
properties of a material, a deep understanding of the microstructure of SLM-fabricated Ti-
6Al-4V is always meaningful.  
 In the context of the current standard SLM practice, the microstructure of the SLM-
fabricated Ti-6Al-4V is mainly comprised of acicular α′-phase, which results in high strength 
but low ductility. However, a closer study of the literature data has found that the tensile 
strength and ductility of SLM-fabricated Ti-6Al-4V containing acicular α′-martensite are 
widely scattered, e.g., from 950 MPa to 1450 MPa for the tensile strength and from 1 % to 8 % 
for tensile elongation [11-16]. For this reason, it is essential to investigate the martensitic 
microstructure by detailed characterization and quantification.  
  For conventional Ti-6Al-4V, the highest tensile strength can be achieved by using 
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the solution treated and aged (STA) process. The STA process is closely related to the 
decomposition of the α′-martensite in the alloy and a variety of STA conditions are explored 
to enhance the desired mechanical performance of Ti-6Al-4V [17-20]. Even though some 
samples treated under particular STA conditions indicate the microstructure mixture of α′-
martensite and primary α-phase, most of the samples present decomposed α / β-phases from 
martensite and primary α-phase. Furthermore, superior tensile properties of SLM-fabricated 
Ti-6Al-4V are successfully achieved by inducing in-situ decomposition of the martensite 
during the process. However, in spite of great potential in that regard, the α′-martensite in the 
SLM-fabricated Ti-6Al-4V can be used as a unique starting microstructure for subsequent 
post-treatment to enhance mechanical performance of Ti-6Al-4V. Alternatively, achieving in-
situ decomposition of the martensite phase during the SLM process can also lead to excellent 
properties as reported recently [14, 21, 22]. However, it should be pointed out that local 
regions in the SLM-fabricated components experience complex thermal cycles. They are 
repeatedly cooled down and heated up to certain levels of temperature (from above the 
melting point to ambient temperature). Consequently, the microstructure in final products is 
often inhomogeneous. 
 
1.3. Research tasks 
 The primary objective of this thesis is to provide an improved understanding of the 
characteristics of the predominant '-martensites phase in the SLM-fabricated Ti-6Al-4V 
alloy and its influence on the mechanical performance of the SLM-fabricated Ti-6Al-4V alloy. 
Consequently, in this thesis, the morphological and crystallographic features of the 
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martensitic microstructure including their 3D features in the SLM-fabricated Ti-6Al-4V alloy 
were characterized by different means. On this basis, the microstructural differences between 
less ductile (<10 % elongation to failure) SLM-fabricated Ti-6Al-4V and ductile (>10 % 
elongation to failure) SLM-fabricated Ti-6Al-4V were investigated by quantification of the 
microstructural features. Then, the decomposition behaviours of the α′-martensite in SLM-
fabricated and conventionally manufactured Ti-6Al-4V annealed under various conditions 
were studied using a wide range of characterization techniques. The decomposition of α′-
martensite was further investigated by real-time observation of changes in lattice parameters 
of the α′-martensite and volume fraction of constituent phases by the Australian Synchrotron 
Facility. Finally, the microstructural inhomogeneity was investigated in relation to the built 
height using a micro X-ray diffractometer (XRD).  
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Chapter 2. Literature Review 
2.1. Metal Additive manufacturing 
2.1.1. Overview of additive manufacturing 
 For the last decade, as one of the most compelling emerging manufacturing processes, 
additive manufacturing (AM) technologies have been well developed with the expectation 
that could address the limitations of conventional manufacturing processes or even replace 
those processes. American Society for Testing and Materials (ASTM) International has 
defined AM as ―a process of joining materials to make objects from 3D model data, usually 
layer upon layer, as opposed to subtractive manufacturing methodologies‖ [1]. The basic 
principle of AM is that a product initially programmed using a three-dimensional (3D) 
computer aided design (CAD) system, can be directly fabricated from the feedstock, unlike 
the conventional manufacturing routes. To be more specific, the objectives in the AM system 
are produced by superposing layers of material and each layer corresponds to a thin cross-
section (e.g. 30-200 μm thick) of the products derived from the original CAD data [2-4]. 
Although this is not in reality as simple as it first sounds, it is clear that AM technologies can 
offer the unique opportunity to simplify the process of manufacturing 3D objects which have 
complicated geometry directly from CAD data [2].  
 AM technologies have a variety of attributes. First of all, the premier is its 
capabilities of being able to fabricate any shape of product with design freedom and net-
shape or near-net-shape forming, which is not readily achievable by conventional 
manufacturing route. This makes it possible to customize a part with specific purposes [5, 6]. 
In addition to this, the manufacturing cost can be, greatly, reduced due to avoiding additional 
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processing steps such as machining, moulding or welding [7]. In other words, it is possible to 
manufacture products by only one step when the feedstock materials that are suitable for this 
technique are available, resulting in much reduced manufacturing cost. Furthermore, AM also 
shows high efficiency at using raw materials which means that there are almost no scraps or 
wastes [8, 9]. For these reasons, the early applications of AM techniques were to produce 
prototypes of plastic parts especially net-shaped plastic products because there is no need to 
use special tools such as injection moulds. In addition, AM can provide the distinct 
opportunities to manufacture parts from materials that are hard to machine, such as refractory 
metals, ceramics and composites.  
 In spite of a wide range of advantages in AM, it has also been recognised that some 
limitations or imperfections should be addressed for widespread industrialization and 
commercialization. One of the most significant concerns is that the properties of additively 
manufactured products are insufficient compared with conventionally produced products [7, 
10]. In addition, the number of materials that can be used for AM is still limited. In other 
words, although it is possible to print metals and ceramics, not all commonly used 
manufacturing materials can be suitable for manufacturing by AM [11]. Furthermore, the fact 
that the parts being manufactured have to be smaller than the available platform or chamber 
in AM systems has also been pointed out as one of the major drawbacks [12]. 
 The production of conceptual prototypes made from polymers has no longer been the 
current research focus of additive manufacturing (AM), because it enters a mature 
development stage. The next natural development of AM is to produce complex shaped 
metallic components, including metals, alloys and metal matrix composites (MMCs) that 
cannot be easily produced by the conventional methods. The ultimate goal is to meet the 
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demanding requirements from aerospace [13, 14], automotive [15, 16], rapid tooling [17, 18], 
biomedical [19, 20] and many other industrial sectors. In fact, components produced by AM 
are no longer used merely as visualisation tools or prototypes, but also used as commercial 
parts for different applications.  
 
2.1.2. History of metal additive manufacturing 
 The AM technologies started from the simple idea for making three dimensional 
relief maps [21, 22]. As early as 1890, J.E Blanther suggested a method for making a mould 
by superposing layers for producing topographical relief maps. In the method, topographical 
contour lines were expressed on a series of wax plates and the plates were cut along these 
lines. After stacking and smoothing these wax sections, both a positive and negative 3D 
surface corresponding to the terrain presented by the contour lines was obtained. After 
suitable backing of these surfaces, a paper map is then pressed between the positive and 
negative forms to create a raised relief map [22]. Perera similarly proposed a method for 
making a relief map by cutting contour lines on sheets (cardboard) and then stacking and 
pasting these sheets to form a three-dimensional map at 1940 [23]. In this technique, the edge 
of each plate indicated a contour line.  
 In 1925, the idea for making 3D objects by not using wax or polymer but using metal 
wire with an arc welding method was suggested [24]. This invention, actually, is the first idea 
for making metal objects by superposing layer by layer. Afterwards, in 1971 Ciraude 
suggested a process utilizing powder materials and this indicated all the features of modern 
direct deposition AM techniques [25]. This disclosure demonstrates a process for 
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manufacturing objects from a wide range of materials that can at least partially be melted. To 
fabricate a component, the gravity, magnetostatics, electrostatics, or positioned by a nozzle 
located near the matrix can be used to apply small particles into a matrix. Then the particles 
can locally be heated by laser, electron beam, or plasma beam. As a consequence of this 
heating, the particles adhere to each other to form a continuous layer. Furthermore, more than 
one laser beam can be employed for strong fusion between the particles. In addition to this, in 
1979, Housholder [26] displayed the earliest demonstration of selective laser melting (SLM) 
process in a present. It was comprised of sequentially depositing planar layers and solidifying 
a portion of each layer selectively. The solidification can be achieved by using heat and a 
selected mask or by using a controlled heat scanning process. 
 The equipment that used the concept of additive manufacturing for metal fabrication 
was commercialized in 1999 [27]. It was marked by both a steel powder-based selective 
laser-sintering system developed in cooperation with Fockele Schwarze of Germany and 
Fraunhofer Institute for Laser Technology and a the laser-engineered net shaping (LENS)
TM
 
process developed at Sandia National Laboratories [27]. The former one is the first system 
for making metallic components with a powder bed [28] and the later one is quite similar to 
the direct metal powder deposition process used today. Furthermore, in early 2006, Stratasys 
signed an agreement with Arcam to be the exclusive distributor in North America for electron 
beam melting (EBM) systems and Arcam introduced its larger build volume A2 EBM 
machine in 2007. As such, from 1990 to 2009, various AM systems for metal fabrication had 




2.1.3. Classification of metal additive manufacturing processes  
 With a significant growing interest in metal AM, during last two decades, a wide 
range of metal AM techniques has been developed. Fig.2.1 indicates a summary of the main 
metal AM processes classified by the way to deliver feedstock, energy source and types of 
feedstock. In addition, Desktop metal printers and ExOne° binder jetting process which 
utilize a polymer or wax to bind metal powder and sintering process has been developed.  
 
Fig.2.1. Summary of metal additive manufacturing. 
 
2.1.3.1. Powder-bed fusion 
 Fig.2.2 is an illustration of a generic selective laser melting (SLM) process or powder 
bed fusion system. The powder bed is created by pre-spreading powder across the platform. 
The energy source (electron or laser beam) is programmed to deliver energy to the surface of 
the bed to selectively melt or sinter the powder into the desired shape. Additional powder is 
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supplied across the work area by a roller or rake, and the process is repeated to create a solid 
3D component.  
 The complex metallurgical phenomena during AM processing are strongly material 
and process dependent and governed by both powder characteristics (e.g. chemical 
constituents, particle shape, particle size and its distribution, loose packing density and 
powder flowability) and processing parameters(e.g. types of energy, spot size , power, scan 
speed, hatch spacing and layer thickness) [6, 29, 30]. 
 
Fig.2.2. Schematic diagram of a generic SLM process [31]. 
 
 Selective laser melting 
 Selective laser melting (SLM) is a powder bed fusion AM process for metal 
fabrication. This technology employs a CO2 laser or single-mode continuous wave Ytterbium 
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fibre laser that creates a dense region in one layer from pre-spread powder in the bed and 
joins the regions in each layer with the manner of a layer by layer process [32-34]. To be 
more specific, a thin layer of loose powder is initially levelled across a processing platform to 
form a powder bed. The typical layer thickness ranges from 20 μm to 100 μm and this makes 
it attractive in relation to surface roughness compared to other AM techniques [35]. In 
addition to this, a flow of inert gas (usually argon) passes over the powder bed with the 
intention to protect the part being processed from oxidation and to clear any ―spatter‖ and 
metal fumes generated from melting metal [36]. Selected areas in the powder bed are then 
melted and consolidated with a line-by-line fashion by scanning laser. As soon as this layer is 
formed, the building platform is lowered by the programmed layer thickness. Afterwards, 
new loose powder is spread by a powder supplying mechanism (e.g., a roller) in the system 
and melted again on top of the layer below. This process is repeated until whole part is fully 
manufactured [37] as shown in Fig.2.2.  
 
 Electron beam melting 
 In an electron beam melting (EBM) system a powder bed is formed with a similar 
manner to that used in the SLM process. The metal powder is supplied through a hopper and 
distributed evenly by a rake across a build plate [38]. The typical layer thickness used in this 
technique is 50 to 150 μm, which makes rougher surfaces of the fabricated parts than SLM 
[39] but the process can use coarse powder (much more affordable). An electron beam 
powered by a high acceleration voltage, typically 30 to 60 KV, is used as an energy source to 
melt local regions of the powder bed. The process is featured by a high vacuum chamber and 
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high pre-heating capacity (up to 1100 °C). With these features oxidation of metallic parts is 
suppressed and the level of residual stress is lower [40]. To be more specific, the ambient 
temperature in the chamber is normally heated up to 720°C for Ti-6Al-4V [41, 42] and 550°C 
for copper [43] by scanning with a defocused electron beam using a high beam current 
(<30mA) and a high scan speed (<10
4
mm/s). Afterwards, an electron beam with relatively 
low beam current (5mA ~ 10mA) and scan speed (10
2
mm/s) is applied to melt powder and 
make the programmed 3D shape. The process of powder spreading, scanning the topmost 
layer and lowering the build plate is repeated until whole designed part is fabricated. 
 The powder-bed fusion AM systems are suitable for fabrication of small-to-medium 
sized parts due to the limitations in dimension of build chamber and longer AM time [36]. 
However, the parts built by powder bed fusion systems possess high dimensional accuracy 
(near net-shape, with ± 0.05 mm) and fairly good surface finishing (Ra value: 8-10μm for 
SLM, 15-20 μm for EBM) [44-46]. It should be noted that the EBM process applies only to 
conductive materials because it is essential for the powder to pull the electron from the gun, 
while SLM process can be used for a variety of materials such as hard polymer, ceramic as 
well as metals [47, 48]. . 
 
2.1.3.2. Direct metal deposition 
 Direct metal deposition (DMD) processes, like any other additive manufacturing 
techniques, can produce a very complex part with borderless design freedom. In this system, 
parts are fabricated by adding materials layer by layer as against the traditional machining 
manufacturing processes, which remove materials in a subtractive manner [13, 49]. 
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Consequently, large complex parts need to be broken down into various parts, which are later 
assembled using traditional manufacturing processes and they generate lots of scrap. Among 
the family of AM technologies, DMD is particularly suitable for repairing worn components 
[50]. DMD technologies are also attractive in producing customized parts such as medical 
implants and functionally graded materials [51]. Although the processing strategy of DMD 
follows the general additive manufacturing (AM) principles, the way to deliver the feedstock 
material changes from the pre-spreading powder in SLM and EBM process to powder or wire 
directly supplied via a specially designed nozzle. The feedstock for the DMD process can be 
powder or wire and the energy source is varied from laser, plasma, electron beam to electric 
arc. 
 
 Direct metal powder deposition 
 The direct metal powder deposition process is a direct metal manufacturing process 
initially for rapid prototyping developed by Southern Methodist University. The process is 
quite similar to the laser-engineered net shaping (LENS)
TM
 process developed at Sandia 
National Laboratories [27]. The powder is delivered by a specially designed powder feeder 
that sprays powder into a gas delivery system via the nozzles in direct metal powder 
deposition. The high energy laser beam is delivered along the z axis in the centre of the 
nozzle array and focused by a lens in a close proximity to the work piece [52-54].  
 A schematic diagram of direct metal powder deposition system is shown in Fig.2.3. 
The build volumes of these systems are generally larger (>1.2m
3
 for the Optomec LENS 850-
R unit) than that of powder bed fusion systems. In these systems, powder is delivered via a 
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nozzle onto the substrate and build surface. A laser is employed to melt a monolayer or more 
of the powder into the shape desired. This process is repeated until the whole 3D component 
designed is fabricated. 
  
Fig.2.3. schematic diagram of direct metal powder deposition [55]. 
 
 This technique also offers a chance to achieve near-full density with manipulating 
processing parameters like other AM technologies [49]. However, microstructural 
inhomogeneity can be significant compared with conventional methods [56]. Functionally 
graded Ti-6Al-4V/TiC composites have been developed using the laser metal powder 
deposition process. High wear resistance with hardness of 1200VHN was obtained compared 
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with conventional Ti-6Al-4V [57]. However, careful control of the laser power, powder 
feeding rate and programmed height of layers (Z step) is needed [58]. 
 
 Direct metal wire deposition 
 Metal wire can be used as feedstock to fabricate metal parts and the process is called 
metal wire deposition system. In this process, the feedstock is wire and the energy source can 
be electron beam, laser beam and plasma arc. Initially, a single bead of material is deposited 
upon which subsequent passes are built to develop a 3D structure. Wire feed systems are well 
suited for high deposition rate AM so that large build volumes can be produced cost-
effectively. However, the fabricated metal parts need more machining than the powder bed or 
powder fed systems. The Fig.2.4 shows a schematic diagram of a wire fed AM system using 
electron beam (a) and plasma arc (b) as an energy source. 
 
 Laser metal wire fed additive manufacturing 
 Wire fed laser additive manufacturing (WLAM) can manufacture metallic parts with 
near full density using metal wires as a feedstock and laser as an energy source. A schematic 
diagram of this process is illustrated in Fig.2.4. WLAM is capable of fabricating a wide range 
of metals and alloys but subsequent machining is usually needed in order to improve the 
surface quality and dimensional accuracy. The properties are mainly governed by wire 
characteristics (wire feeding direction [59-62] and angle, wire feed rate [63, 64]) and laser 





Fig.2.4. Schematic diagram of wire fed AM system using (a) electron beam [65] and (b) 
plasma [66]. 
 
 Electron beam metal wire fed additive manufacturing 
 The electron beam freeform fabrication (EBF
3
) system was developed by the 
National Aeronautics and Space Administration (NASA) at Langley Research Centre together 
with Sciaky, Inc. The EBF3 process uses an electron beam as the power source with a metal 
wire as depositing material, similar to the welding process. The substrate moves under the 
beam at a programmed direction with velocity and then the wire moves up for deposition of 
the next layer, to produce the designed metallic component [67]. This process is featured by a 
high deposition rate from 1138 to 2500 cm
3 
/ h [68]. 
 
 TIG torch and plasma arc metal wire fed additive manufacturing 
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 The arc welding process has been broadly investigated for additive manufacturing of 
metallic components in large scale because of its competitive price, unlimited build envelope 
and high deposition rate [69]. Furthermore, it was confirmed that the process has the 
capability to manufacture metallic parts with good structural integrity and mechanical 
properties [70]. However, wire arc additive manufacturing (WAAM) has gained less attention 
than other AM processes due to a few reasons: (1) the high thermal energy generated by the 
welding processes can result in high residual stress as well as part distortion [71]; (2) the poor 
dimensional accuracy (about ±0.2 mm) and surface finish of the part are unacceptable for 
many applications [69]; (3) the solid layers do not form a smooth surface, resulting in inner 
gaps or void [72]; (4) automated CAD-to-part AM system using arc welding is immature as 
yet [73]; and (5) there are no reliable process monitoring and control systems to 
accommodate timely variations during processing. 
 The wire fed AM with tungsten-inert-gas (TIG) torch as energy source uses a non-
consumable tungsten electrode combined with a separately-fed wire to produce the metallic 
components. A mathematical model has been developed to optimise the wire feed direction 
and position for improved deposition accuracy [74]. Furthermore, the oxidation of the 
deposits can be reduced by a gas lens which can generate a laminar flow of shielding gas. 
Twin-wire TIG-torch AM has been developed to manufacture intermetallic and functionally 
graded materials [75-77]. 
 AM process using the plasma arc welding technique as a method for binding metal 
wires has also been investigated [78-80]. The arc energy density in plasma welding can reach 
three times that of the TIG-torch AM process, leading to smaller welds and less weld 
distortion but with higher welding speeds [81]. 
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 In summary, there are a wide variety of diverse AM processes. These may be broadly 
characterized as powder bed, direct metal powder, and direct wire deposition systems. Each 
process can offer distinct advantages depending upon applications, which can be repair or 
refurbishment or part fabrication at different scales. 
 
2.1.4. Metallic materials for additive manufacturing  
 Many metallic materials have been manufactured today by various types of AM 
processes. Discussed below are important structural materials that have received much 
attention in the broad context of metal AM.   
 
2.1.4.1. Titanium and titanium alloys 
 Titanium and its alloys have received significant attention with regards to metal AM. 
They have been utilized in a wide range of industrial sectors where high performance (high 
strength and excellent corrosion resistance) and low density are needed. Conventional 
manufacturing processes result in high machining cost and long lead times. To date, AM of 
both commercial pure Ti [82-85] and Ti-6Al-4V (workhorse alloy) has been widely 
investigated [86, 87]. All major AM processes such as selective laser melting (SLM) [86, 88-
93], electron beam melting (EBM) [41, 87, 93], laser metal deposition (LMD) [41, 80, 94, 95] 
and metal wire deposition system [80, 96-99] have been successfully applied to fabricating 
Ti-6Al-4V components. Furthermore, other Ti alloys such as Ti-24Nb-4Zr-8Sn [100] and Ti-
6Al-7Nb [101] for biomedical application and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si [102] for 
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aerospace application have been additively manufactured.  
 
2.1.4.2. Nickel-based superalloys 
 Ni-based superalloys have been attractive materials for AM because they offer 
outstanding mechanical and physical properties in the temperature range of 540 °C to1000 °C. 
To date, IN 625 [103], IN 718 and IN100 [104] have been fabricated by a number of 
processes including SLM [105, 106] and EBM [106, 107]. 
 
2.1.4.3. Aluminium alloys 
 Most common aluminium alloys for AM include AlSi10Mg (EN AC-43000) [108-
110], the eutectic AlSi12 (EN AC-44200) [111, 112] and a number of precipitation hardenable 
Al alloys [113]. Other commercial Al alloys investigated with regards to their suitability for 
AM fabrication in literature are 6000 series (e.g., 6061 [92, 114]) and 2000 series (e.g., 2139 
[115]) alloys.  
 
2.1.4.4. Steels 
 Steel continues to be a major part in engineering materials. Steel grades available for 
SLM include common austenitic stainless steels (AISI 316L/EN; 1.4404/X2CrNiMo17-12-2 
[116-120] and AISI 316L/EN: 1.4306/X2CrNi19-11[121, 122]), maraging steel (18Ni-
300/1.2709/X3NiCoMiTi18-9-5) [123-126], precipitation hardening stainless steels (17-4 
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PH/EN: 1.4542/X5CrNiCuNb16-4/AISI: 630 [117, 127-130] and 15-5 PH/EN: 
1.4545/X5CrNiCu15-5 [131]) and many other steel alloys.  For example, a martensitic 
cutlery grade steel alloy (AISI 420/EN: 1.4034/X46Cr13) has been fabricated by SLM [132, 
133]. EBM has also been used to manufacture many steel alloys including tool steels 
(H11/EN: 1.2343/X34CrMoV5-1 [134] and H13/EN: 1.2344/X40CrMoV5-1 [47]) and 
austenitic stainless steel (316L) [135]. In addition, austenitic stainless steel (316L) [136-138] 
and tool steel (H13) [13] alloys have been manufactured using LMD processes. More and 
more steel alloys are being additively manufactured today for detailed assessments. 
 
2.1.4.5. Other metallic materials 
 Except the alloys mentioned above, other alloys with good potential industrial 
application, have also been fabricated by AM. For example, Co-Cr alloys for biomedical 
applications [139, 140], pure copper [43], pure magnesium [141], pure tantalum [142] and 
pure gold [143] have been fabricated. It is clear that the list of metallic materials for AM 
grows quickly, which is indicative of the significant potential of metal AM. Consequently, the 
demand has simulated significant alloy design and development activities in the metal AM 
field. 
 
2.2. Ti-6Al-4V alloy by conventional manufacturing 
 Titanium was discovered in 1890 but not purified until the early 1900s. Moreover, 
the metal was not widely used until 1948 [144] due to the difficulties in distracting pure 
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titanium and cost of commercial extraction and processing the metal [144]. However, 
titanium now has the accumulated experience of over the 50 years of modern industrial 
practice and design application to widespread its use [145]. Metals and its alloys, generally, 
have particular microstructure comprising collection of many small crystals or Titanium is an 
allotropic element; that is, it exists in more than one crystallographic form. At room 
temperature, titanium has a hexagonal close-packed (HCP) crystal structure, which is referred 
to as the α-phase. This structure transforms to a body-centred cubic (BCC) crystal structure 
called β-phase at 888°C [146]. 
 It is common to classify Ti alloys into α- , near-α-, (α-β) - and β-Ti alloys [146]. As 
an α-β titanium alloys, Ti-6Al-4V is the most widely used titanium alloy, accounting for more 
than 50% of the titanium tonnage in the world [147]. Ti-6Al-4V has a good specific strength 
(strength/density), good stability at temperatures up to 350°C, and good corrosion resistance. 
Therefore, it has been used widely in aerospace, medical prostheses, automotive, marine and 
chemical processing industries. However, the high manufacturing cost acts as an inhibitive 
factor for its use in industries where weight and corrosion resistance are not critical 
considerations [148].  
 The volume fraction of α- and β-phases in Ti-6Al-4V relies on the heat treatment 
process and interstitial (mainly oxygen) contents [147]. Furthermore, a wide range of 
microstructure with different geometrical arrangements of the α- and β-phases and 
morphologies of each phase in Ti-6Al-4V can be acquired by the particular thermo-
mechanical treatment to be employed [147]. They can offer different mechanical properties 
including different fracture toughness values. The microstructures of Ti-6Al-4V can be 
roughly classified into three categories: lamellar, equiaxed, or a combination of both 
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(bimodal) with different morphologies of the α-phase.  
 
2.2.1. Typical microstructures of Ti-6Al-4V 
 Formation of the -phase during cooling 
In the Ti-6Al-4V alloy, distinctly different microstructures can be obtained by 
different thermo-mechanical processing routes [149]. Those different microstructures can 
lead to very different properties. In a typical process, if the Ti-6Al-4V alloy is slowly cooled 
from the β-phase region, α-phase begins to form below the β-transus temperature, which is 
about 995°C. The α-phase forms in plate-like shapes, following a specific crystallographic 
relationship to the β-phase in which it forms. The α-plates form with their (0001) plane 
(close-packed) parallel to a (110) plane in the β-phase [150]. In slow cooling, α-nucleates 
form and the α-nucleus then thickens relatively slowly perpendicular to this habit plane but 
grows faster along the plane because of the close atomic matching along this common plane. 











 Phases and microstructure 
The volume fraction of the constituent phases (α- and β-phase) in Ti-6Al-4V can be 
changed by cooling rate, post-heat treatment and interstitial contents. For instance, in Ti-6Al-
4V, slow cooling or aging allows it to contain up to about 15 % of the β-phase and 85 % of 
the α-phase [151].  
The formation of lamellar - structures can be readily controlled by heat treatment. 
Slow cooling into the two phase region from above the β-transus temperature leads to 
nucleation and growth of the α-phase in the plate form starting from β-grain boundaries as 
shown in Fig.2.6a and c. The resulting lamellar structure is fairly coarse and is often referred 
to as plate-like α. Air-cooling results in a fine needle-like α-phase referred to as acicular α. 
Certain intermediate cooling rates develop Widmanstätten structures as indicated in Fig.2.6b. 
Water-quenching from the β-phase field followed by annealing in the (α + β) phase region 
leads to a much finer lamellar structure. Quenching from temperatures higher than 900°C 
results in a needle-like hcp martensite (α′), while quenching from the 750 to 900°C 




Fig.2.6. Lamellar microstructure of Ti-6Al-4V alloy formed by different cooling rate of (a), 




The equiaxed microstructure with the globular α-phase in the β-phase matrix is 
obtained by extensive (>75% reduction) mechanical working of the material in the (α + β) 
phase field. During this process, the plate-like α-phase is broken up into equiaxed-shapes 
depending on the exact deformation procedure. Subsequent annealing at about 700°C 
produces the so called ―mill-annealed‖ microstructure, which gives microstructure that is 
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dependent upon previous working as shown in Fig.2.7. A more reproducible equiaxed 
structure is obtained by a recrystallization anneal of 4 hours at 925°C followed by slow 
cooling. The resulting microstructure is fairly coarse with an average α-phase size of about 15 
to 20 μm. The manufacturing route for Ti-6Al-4V that can lead to a fully equiaxed 
microstructure is presented in Fig.2.8.  
 
Fig.2.7. Optical micrographs of equiaxed Ti-6Al-4V microstructure at different holding times: 
(a) 930°C / 2 hours followed by furnace cooling (FC )+600 / 2 hours followed by air cooling 
(AC); (b) 930°C / 2hours, FC + 600°C / 14 hours, AC; (c) 930 °C / 36 hours, FC + 600°C / 2 




Up to the recrystallization process shown by step III in Fig. 2.8, if the cooling rate 
from the recrystallization annealing temperature is sufficiently low, then only α-grains will 
grow during the subsequent cooling process (no α- lamellae). The process will result in a 
fully equiaxed structure with the equilibrium volume fraction of the β-phase being located at 
the ―triple-points‖ of the α-grains [91].  
 
Fig.2.8. Schematic diagram of processing route for equiaxed microstructure of Ti-6Al-4V 
alloy [149]. 
 
Bimodal microstructures consist of isolated primary α-grains in a transformed-β 
matrix as shown in Fig.2.9. These microstructures are best obtained by a 1 h-anneal at 955°C 
followed by water quenching (or more commonly an air cool) and aging at 600°C. The 
resulting primary α-phase size is usually about 15 to 20 µm in such ―solution treated and aged 
(STA)‖ microstructures. Aging below 650°C (1200°F) can also produce precipitates of alpha 




Fig.2.9. Bi-modal (solution treated and overaged, STOA) microstructure of Ti-6Al-4V [155]. 
 
 Lattice parameters 
Typical lattice parameters of the -phase in slowly cooled or aged Ti-6Al-4V alloy 
are 𝑎 = 0.2925 ± 0.0002 nm, 𝑐 = 0.4670 ± 0.0005 nm. The lattice parameters can vary 
slightly as a function of heat treatment temperature because the composition of  is relatively 
constant. The room-temperature lattice parameter of the β-phase in furnace-cooled Ti-6Al-4V 
has been measured to be 𝑎 = 0.319 ± 0.001 nm [156]. During heating up the alloy up to 
600 °C, the lattice expansion coefficient of β is smaller than that of the α-phase, while the 
lattice parameters of the β-phase increase much more rapidly than that of the α-phase above 




Fig.2.10. Measured lattice parameters in Ti-6Al-4V as a function of temperature for both the 
(a) bcc and (b) hcp phases in Ti-6Al-4V as a function of temperature during heating at two 
different rates [157]. 
 
Increasing vanadium concentrations decrease the lattice parameter of β-phase, while 
interstitial elements increase the lattice parameters of α-phase by occupying a fraction of the 
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octahedral interstitial sites. If the oxygen concentration is less than 6 at.%, then oxygen 
increases the lattice parameters of α as follows [158]:  
𝑎 = 𝑎0 + 7 × 10
−5 𝑛𝑚 𝑎𝑡. % 𝑂⁄   
𝑐 = 𝑐0 + 36 × 10
−5 𝑛𝑚 𝑎𝑡. % 𝑂⁄  
 
 Other phases in Ti-6Al-4V 
Hexagonal close packed martensite (α′) is a non-equilibrium form of the α-phase in 
Ti-6Al-4V, resulted from diffusionless transformation accompanied with quenching from 
above β-transus temperature (>995 °C). It is featured by an acicular shape or a lath-like shape. 
It has similar lattice parameters as the α-phase. To be more specific, the α′-martensite 
formation is observed at high cooling rate above 410 °C/s [153]. Its morphological features 
are illustrated in Fig.2.11a with the α′ being composed of long orthogonally oriented 
martensitic plates or acicular shapes [153]. Even though supersaturated vanadium atom in α′-
lattice can affect the volume of the lattice or lattice parameters, the influence is marginal 
because the atomic radii of Ti, Al and V are similar (147 pm for Ti, 143 pm for Al and 134 
pm for V) [159]. 
In addition to this, at the cooling rates below 410 °C/s, α-phases massive 
transformation can occur in Ti-6Al-4V as shown in Fig.2.11b. However, at the slower cooling 
rate than 20 °C/s where martensitic and massive transformations are absent, coarse grain 
boundary α forms as shown in Fig.2.6a. The transformation behaviour under different cooling 




Fig.2.11. Optical micrographs of Ti-6Al-4V alloy cooled at (a) 525 °C/s and (b) 275 °C/s 
after solution treated at 1050 °C for 30 min [153].  
 
 
Fig.2.12. Schematic continuous cooling diagram for Ti-6Al-4V β solution treated at 1050 °C 




 Orthorhombic martensite (α″) is a rather soft martensite that can form during 
quenching of β-phase containing 10 % ± 2 wt.% vanadium. This occurs when Ti-6Al-4V is 
quenched from temperatures between 750 °C and 900 °C. The α″-martensite can also form as 
a stress-induced product by straining metastable beta [147]. 
 Omega (ω) precipitation is rarely found in Ti-6Al-4V alloy. Oxygen suppresses 
omega formation, and it does not normally occur in Ti-6Al-4V alloy of commercial purity. If 
the β-phase is highly enriched with vanadium (e.g., >15 wt. %), ω-precipitates might occur 
during low-temperature aging (200 to 350 °C) or during cooling through the same 
temperature range. However, no such precipitation has been reported in Ti-6Al-4V as yet 
[147]. 
 The formation of Ti3Al (α2) has been experimentally verified in Ti-6Al-4V 
containing less than 0.2 wt.% oxygen [156], and it occurs in Ti-6Al-4V at aging temperatures 
from 500 °C to 600 °C when oxygen concentrations (still within specification limits for Ti-
6Al-4V) are increased. Oxygen is known to restrict the solubility limit of aluminium in the 
alpha phase of titanium, thus enhancing the likelihood of Ti3Al formation. Vanadium also 
restricts aluminium solubility in alpha titanium. However, no quantitative dependency on 
oxygen concentration has been established for the α / (α+α2) solvus line. The Ti3Al 
precipitates are known to promote coarse planar glide on *101̅0+ prismatic planes, and one 
should be able to produce the predominance of either planar pyramidal glide or coarse planar 
prismatic glide in the α-phase of a Ti-6Al-4V alloy with sufficient oxygen by the choice of 
aging treatment. At high aging temperatures, ordering should not be expected because oxygen 
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would have a high jump frequency [160]. On the other hand, an alloy with a very low oxygen 
concentration (ELI grade) should exhibit only a predominance of prismatic slip, regardless of 
the aging process. 
 
2.2.2. Mechanical properties  
 The Young's modulus of Ti-6Al-4V (typically about 120 GPa) is low compared to 
steel alloys. Like other titanium alloys, Ti-6Al-4V has a wider range of elastic moduli as 
compared to other alloy systems because of the characteristics of the hcp structure of the -
phase [161, 162]. The literature reports values of 100 to 130 GPa for the Young‘s modulus of 
Ti-6Al-4V [161]. In a multi-phase alloy like Ti-6Al-4V, the value of Young‘s modulus is 
determined by the moduli of specific phase and their volume fraction. Heat treatment of Ti-
6Al-4V thus has as effect on its modulus. More significantly in commercial practice, 
variations in Young‘s modulus are related to variations in texture because of the strong 
crystallographic anisotropy of the elastic constants of alpha titanium [149]. In general, it has 
been found that interstitial and substitutional alpha-stabilizing solutes increase the modulus 
[162], whereas beta-stabilizing solutes decrease it. Small variation (up to 3%) may occur due 
to variations in impurity levels (especially oxygen) and alloy concentration. A low value is 
obtained after solution treatment from about 800°C. Aging causes the modulus to recover 
from a low value to a high value [162]. 
 Fig.2.13 indicates the Young‘s modulus of Ti-6Al-4V as a function of specimen 
orientation, α, in textured rolled sheet at room temperature. The specimen orientation is the 




Fig.2.13. Young‘s modulus of Ti-6Al-4V alloy as a function of specimen orientation in 
textured material [163] 
 
 Bearing strength of Ti-6Al-4V is a function of its heat treatment condition and varies 
directly with tensile strength. It has approximately the same bearing strength as one-fourth of 
hard austenitic stainless steel, but up to twice that of aluminium alloys. Ti-6Al-4V is slightly 
weaker than Ti-6Al-2Sn-4Zr-2Mo. Ti-6Al-4V offers acceptable bearing strength design 
properties up to 540 °C, though creep could become a factor at these temperatures. [147] 
 Compressive yield strengths of Ti-6Al-4V vary with mill product forms, gages, and 
heat treatment condition. In all cases, it slightly exceeds the corresponding tensile yield 
strengths. This makes Ti-6Al-4V an ideal candidate in structural design consideration. By 
comparison austenitic stainless steels exhibit compression strengths of about only two-thirds 
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of their tensile yield strengths for all conditions from annealed to full hard [147]. 
Compression and tension yield strengths for Ti-6Al-4V vary directly as a function of 
temperature up to 540 °C. This applies to both the annealed and solution treated and aged 
(STA) conditions. [147] 
 In all forming operations, Ti-6Al-4V is susceptible to the Bauschinger effect 
describing the decrease in yield strength when compressive load is applied after yield under 
the tensile loading [164]. The Bauschinger effect is most pronounced at room temperature. 
Plastic deformation (1 to 5% tensile elongation) at room temperature always introduces a 
significant loss in compressive yield strength of the alloys. At 2% tensile strain, for instance, 
the compressive yield strength of Ti-6Al-4V drops to less than half that for solution treated 
material [147]. Increasing the deformation temperature reduces the Bauschinger effect; 
subsequent full thermal stress relieving completely removes it [165]. Temperatures as low as 
the aging temperature remove most of the Bauschinger effect in solution treated Ti-6Al-4VV 
and most titanium alloys. Heating or plastic deformation at temperatures above the normal 
aging temperature for solution treated Ti-6Al-4V causes over aging to occur, and as a result, 
all mechanical properties decrease. For highly textured Ti-6Al-4V sheet, the compressive 
yield strength and compressive elastic modulus are function of grain direction and are 
independent of sheet thickness [147]. 
 The ultimate shear strength of Ti-6Al-4V is generally 60% of the tensile strength. 
This applies to all wrought and cast forms and includes both annealed and solution treated 
and aged conditions. No significant change has been noted in this relationship up to 300 °C. 
Depending on heat treatment condition, shear strengths range from 480 to 700 MPa. These 
properties compare well to those of low alloy steels of similar strength classes. For example, 
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4130 quench and tempered steel with a tensile strength of 860 MPa exhibits shear strength of 
520 MPa. Comparatively, Ti-6Al-4V in the mill-annealed condition has a tensile strength of 
925 MPa and a shear strength of 545 MPa. For 4130 steel with a tensile strength of 1100 MPa, 
shear strength is 640 MPa. In the STA condition, Ti-6Al-4V has a tensile strength of 1100 
MPa and shear strength of 660 MPa [147]. 
 Room temperature tensile properties are affected by heat treatment (microstructure), 
composition (oxygen content), and texture (primarily in sheet). Tensile strength can be 
changed by more than 200 MPa by heat treatment and about 70 to 100 MPa by oxygen 
content. Textured sheet can also exhibit variations on the order of 200 MPa as function of 
direction. Weldments normally fail in the base metal. Generally, weld strength is higher and 
ductility is lower. The exception to this is material that is welded in the β annealed/solution 
treated and aged condition followed by stress relieving [147].  
 
Table.2.1. Tensile properties with different heat treatment condition leading to different 
microstructure  












of area (%) 
Ref 
Cross rolled at 955°C 
and mill annealed 
Large elongated α 
plate + β 
880    [166] 
Cast + HIP, 925°C, Lamella α+β 813    [167] 
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103 MPa 4hours 
As-cast Lamella α+β 834    [167] 
Annealed  834    [168] 
1050°C 1h, FC to 




   [168] 
1050°C, 1h, AC + 
625°C, 4.5h, AC 
 913 982 12  [168] 
1050°C 1h, AC Plate martensite 
+β layer 
1080 1120   [169] 
1050°C, 0.25h, WQ 
+800°C 1h, WQ 
lamellar 1056 1278  15 [170] 
1050°C, 0.25h, WQ 
+800°C 1h, WQ 
Fine lamellar 1040   20 [171] 
1040°C, 1h, AC to 
RT 
Acicular α+β 860 956 8.8 21.5 [166] 
1040°C, 0.5h WQ 
+700°, 2h, AC 
 862 931 5.9 6 [172] 
1010°C, 1h, WQ Martensite  1004 1155 5 10 [173] 
1040°C, 0.4h, 925°C, 
46.5h, WQ + 760°C, 
1.5h, WQ 
Widmanstätten α 744 1255   [174] 
845°C, 24h, WQ 
+540°C, 24h 
Bi-modal 993 1055 19 43 [173] 




845°C, 24h, WQ  772 938 25 55 [173] 
845°C, 24h, WQ + 
540°C, 24h 
 1014 1028 20 52 [173] 
845°C, 1h, WQ + 
480°C, 24h 
 1069 1138 14 47 [173] 
Note: AC = air cooled, WQ = water quenched, FC = furnace cooled, RT = room temperature, HIP = 
hot isostatic pressing 
 
 Since microscopically localized deformation is always related to the microstructural 
heterogeneity such as non-metallic inclusion, pores, second phase particles and grain 
boundaries, which are potential nuclei for local stress concentration, microstructure of metal 
always play crucial role in determining mechanical properties [175]. In order to ensure the 
high resistance of fatigue for Ti-6Al-4V, there, generally, are two ways. One of them is to 
eliminate the crack initiation sites and the other thing is to reduce crack growth rate [176]. In 
highly stressed regions crack initiation at both the α/β interface and inside the α-phase, while 
in the regions of low stress, α/β interface cracking predominates. This fact suggests that to 
obtain good high cycle fatigue strength, the number and particularly the length, of the α/β 
interface available as crack initiation site should be reduced to a minimum [177]. Plus, the 
microstructure of lamella is effective to reduce crack growth rate in α-β alloys [178, 179]. In 
α-β titanium alloys it is known that the α-colony size and texture clustering influence both 
crack initiation and closure during fatigue [149, 180].  
 Grain refinement can be another way of controlling the properties of Ti-6Al-4V. 
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Since boron has low solubility in titanium (below 0.02 wt.% at room temperature), it has been 
used for grain refinement of Ti-6Al-4V [181]. The addition of TiB2 into Ti-6Al-4V has an 
important effect on grain refinement and grain morphology. Fine equiaxed α-phase can be 
acquired by an addition of TiB2. Furthermore, reinforced Ti alloys with TiB2 indicate a 
higher Young′s modulus and moderate strength improvement but they exhibit poor ductility 
[182]. The higher creep resistance of Ti-6Al-4V in comparison to both α-Ti and titanium 
matrix composites can be associated to α/β interfaces acting as obstacles to dislocation 
motion and to the primary β-grain size which can contribute to the reduction of grain 
boundary sliding, dislocation sources and oxidation rates [183]. 
 
2.2.3. Corrosion and chemical properties  
 Even though the corrosion-resistant is not as good as commercially pure titanium 
alloys, Ti-6Al-4V has excellent corrosion resistance compared to other alloy systems [184]. 
The extraordinary corrosion resistance of the alloy is due to oxide film formation on its 
surface [184]. At low temperatures, a thin protective oxide film is present on Ti-6Al-4V in 
normal atmospheric environments. When the oxide layer is penetrated or broken, that is 
quickly reformed and off the re-coated surface ensuring the protection. The oxide film is 
comprised mainly of TiO2 rutile and grows by inward diffusion of oxygen [185].  
 The oxidation of Ti-6Al-4V alloy is similar to that of pure titanium. The reaction rate 
laws range from logarithmic (at 300-500 °C) to parabolic (500-750 °C) to linear (above 
750 °C) with increasing temperatures of oxidation. Above about 400 °C, oxygen begins to be 
dissolved from oxide into the underlying metal substrate. This leads to surface embrittlement 
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of the alloy. Above about 500 °C, the oxide grows into a multi-layered, porous, non-
protective scale and causes embrittlement. Thin surface layers of TiO2, less than 100nm thick, 
can be generated at room temperature by anodizing. This avoids oxygen-embrittlement of the 
alloys. Such treatment is useful on screws and fasteners or any component subjected to a 
rubbing action [186, 187].  
 Ti-6Al-4V is highly resistant to natural environments and also to a great many 
aqueous chemicals up to at least their boiling temperatures. It is resistant to general corrosion 
by sea water and brine, oxidizing acids, aqueous chloride solutions, wet chlorine gas and 
sodium hypochlorite at typical product-operating temperatures. It is, however, vulnerable to 
reducing acids such as hydrofluoric, hydrochloric, sulfuric, oxalic, formic, and phosphoric 
acids [188]. 
 
2.3. Ti-6Al-4V alloy by additive manufacturing 
2.3.1. Macro and microstructures 
 The fabrication of a Ti-6Al-4V part by additive manufacturing (AM) accompanies 
necessarily melting of the feedstock material (powder or wire) in small volume on the layers 
processed. So it leads to rapid solidification and the region that has solidified previously will 
be influenced by the melting of subsequent layers (excluding the last few layers). The first 
major phase transformation event during this process is a melting. The liquidus temperature 
(Tl) of Ti-6Al-4V is ~1650 ± 15 °C and its solidus temperature (Ts) is ~1605 °C ± 10 °C 
[147]. It should be noted that composition of Al and V in Ti-6Al-4V (wt.%) is nominal and 
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can fluctuate from 5.5 % to 6.75 % and 3.5 % to 4.5 %, respectively. These differences bring 
about different liquidus and solidus temperatures and even density (4.42 - 4.43 g/cm
-3
). The 
highest molten pool temperature during AM process for fabrication of Ti-6Al-4V by laser 
powder deposition places in the range of ~2000 °C to 2500 °C at a laser power of 350 W, 
deposition rate of 0.13 g/s, and layer thickness of 0.508 mm [189]. Similarly, when H13 tool 
steel is manufactured by laser powder deposition under the similar processing conditions a 
peak temperature of melt pool is examined to be 2026 °C [190]. Both Al and V contents in Ti-
6Al-4V alloy may be evaporated at such high melt pool temperatures [191].  
 The growth in oxygen level in as-fabricated Ti-6Al-4V by laser AM under argon flow 
is measured to be less than 300 ppm [58, 192]. However, it is found that reusing the Ti-6Al-
4V powder leads to increase in the oxygen level in the powder from 0.08 % (virgin) to 0.19 % 
(21 times reusing) during selective electron beam melting (SEBM) of Ti-6Al-4V, [191]. The 
fatal oxygen level for press-and-sintered Ti-6Al-4V is about 0.32 % which leads to poor 
tensile ductility because oxygen atoms distort the HCP lattice [193]. 
 The maximum cooling rate which the melt pool of Ti-6Al-4V experiences during AM 
process, is approximately ranged from 1.2 × 104 °C/s to 4.0 × 104 °C/s for laser powder 
deposition [189] (which is ~1.83 × 104 °C/s for laser powder deposition of H13 steel under 
similar AM conditions [190]). Molten Ti-6Al-4V solidifies with forming columnar prior-β 
grains and this phenomenon is found in all fusion-based metal AM processes reported in 
literature. Both the number of layers and geometry of the component being produced 
influence the subsequent cooling process and their influences settle the pathways to 
microstructural development from solidus temperatures to room temperature. Specifically, the 
pathways are closely related to the initial cooling rate in the as-solidified alloy and the 
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continuously changed thermal environment in the region of interest during the subsequent 
AM process. In addition, the research on microstructure of SLM-built Ti-6Al-4V was 
performed to investigate the effect of laser-material interaction time. In this research 
relationship between microstructure and depth of Ti-6Al-4V products is also examined 
carefully [194]. In addition, distance from the laser contact area has an effect on the 
formation of martensite and the size of the alpha phase is increase. However since the slow 
scan speed and twice scan strategy were used in this research, the grain size is larger than 
[194]. Furthermore, AM techniques can be also used to make metal products which have near 
full density by manipulating the process parameter in various alloy systems [195]. 
 The initial cooling rates near the melt pool during laser powder deposition processes 
for Ti-6Al-4V were found to be remarkably higher than the critical cooling rates required for 
martensitic transformation in Ti-6Al-4V (>420 °C/s) [153]. Acicular α′-martensite phase is 
thus commonly observed in AM Ti-6Al-4V by SLM, SEBM, and LMD. However, it can 
transform into ultrafine lamellar α/β microstructure by in-situ decomposition during AM if 
the AM process is properly controlled [89, 196].  
 Furthermore, columnar prior-β grains, which are parallel to the AM build direction 
and show a <001>β orientation, have been examined in AM Ti-6Al-4V. The <001> direction 
is known to be the favoured growth direction for the parent β-phase during solidification, 
which tends to be aligned with the direction of the maximum thermal gradient (i.e., the AM 
build direction) [197]. Much effort has been expended to encourage a successful columnar-to-
equiaxed transition (CET). However, the strong epitaxial growth and the large thermal 
gradient in the AM part during AM inhibit the CET in most cases. It was not until recently 
that researchers revealed the CET of prior-β grains during laser powder deposition of Ti-6Al-
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4V under the laser power of 1kW [189], informed by the CET map proposed by Kobryn and 
Semiatin for AM of Ti-6Al-4V [198]. The use of high-power laser systems (e.g., 8 kW CO2 
laser) makes it possible to realize CET due to the decrease in thermal gradient in the 
component being fabricated. Other approaches have also been developed for the achievement 
of fine equiaxed grains in AM Ti-6Al-4V. For example, when using highly deformed wires in 
direct metal wire deposition process for fabrication of Ti-6Al-4V, CET can be realized owing 
to subsequent recrystallization [199].  
 The microstructure of Ti-6Al-4V fabricated using SLM, SEBM, and LMD can be 
similar or different, depending on processing and feedstock conditions. Common 
microstructural features observed in AM Ti-6Al-4V, including martensite (α′), massive α-
phase (αm), lamellar α-β, and non-lamellar α and β microstructure, are presented in Fig.2.14 
[58, 89, 192, 200, 201]. It was revealed that the critical cooling rate for transformation from β 
to α′, from β to αm, and from β to α in literature data, varies widely [153, 202, 203]. These 










Fig.2.14. Microstructure of Ti-6Al-4V additively manufactured by selective laser melting 
(SLM), selective electron-beam melting (SEBM), and laser metal deposition. (a) fully 
martensitic (α′) (SLM) [89], (b) fully fine lamellar α-β [89], (c) lamellar α-β (circled area), α′ 
martensite, and non-lamellar α-β (SEBM)[200], (d) α′ martensite + massive α grains (αm) 
(marked areas) + lamellar α-β (SEBM) [201], (e) α′ martensite + partially decomposed α′ 





 At the cooling rate of lower than 20°C/s, diffusion-controlled transformation from β- 
to α-phase takes place [153, 202, 203]. At the cooling rate of > 20°C/s, either the 
composition-invariant β to αm-massive transformation or diffusionless β to α′-martensitic 
transformation occurs. The massive transformation occurs with limited diffusion activities 
confined to the advancing interface. The β to αm transformation has been observed during 
SEBM of Ti-6Al-4V [201], which contributes to the formation of SEBM Ti-6Al-4V 
microstructures. It should be noted that although the columnar prior-β grains show a strong 
<001>β orientation or texture parallel to the AM build direction, the α-phase that forms 
during subsequent cooling shows no clear texture or just a random texture [205]. Additionally, 
the columnar prior-β grains have marginal or no effect on tensile properties of Ti-6Al-4V 
[206]. 
 
2.3.2. Additive manufacturing defects  
 Among the defects observed in additively manufactured Ti-6Al-4V alloy, the 
majorities are gas-entrapped pores as shown in Fig.2.15a [200] and lack-of-fusion 
imperfections in Fig.2.15b [200]. Un-melted or incompletely melted regions including 
particles are also observed in AM Ti-6Al-4V (Fig.2.15c) [207]. The lack-of-fusion 
imperfections are also called lack-of-fusion pores by some researchers. They exhibit irregular 
shape and larger sizes than gas-entrapped spherical pores. As such, they can be much more 
damaging than gas-entrapped spherical pores [208], especially when their orientations are 
perpendicular to the tensile loading direction. 
54 
 
 In many studies, the volume fraction of such defects in AM Ti-6Al-4V can only be 
controlled to be about 0.3 vol.% [139, 208-210]. Many factors can influence the formation of 
defects. In addition to the AM processing routes and parameters, the occurrence of gas-
entrapped pores seems to be accompanied with the feedstock quality. Svensson and Ackelid 
reported that the porosity of the raw powder was closely related to the porosity of the final 
AM parts. For example, the use of gas-atomized (GA) Ti-6Al-4V powder containing 0.27 
vol.% and 0.17 vol.% porosity brought about 0.19 vol.% and 0.11 vol.% final porosity in 
SEBM Ti-6Al-4V samples, respectively. Fig. 2.15(d) presents GA Ti-6Al-4V powder 
containing noticeable internal porosity [211], in which eight out of the 427 GA Ti-6Al-4V 
particles (1.87 %) have gas-entrapped pores. 
The plasma-rotating electrode process (PREP) is known as an effective way to 
minimize internal porosity of powder. The Ti-6Al-4V powder manufactured by this technique 
contains much less porosity (0.017 vol.%) than GA Ti-6Al-4V powder [196]. The use of 
PREP powder is therefore expected to reduce porosity of final parts. However, it is 
challenging to produce fine Ti-6Al-4V powder (≤45µm) by PREP due to both the low 
density of molten Ti-6Al-4V (4.12 g/cm
-3
 at 1700°C) [212] and the maximum rotation speed 




Fig.2.15. Example of (a) a gas-trapped pore, (b) lack-of-fusion defect in selective electron 
beam melting (SEBM)-fabricated Ti-6Al-4V [200], (c) unmelted or incompletely melted 
parts of Ti-6Al-4V observed on tensile fracture surface of an SEBM Ti-6Al-4V [207] and (d) 




 Other factors that may affect the final porosity include evaporation of Al which has a 
low melting point because the temperature of molten pool can reach up to 2500 °C, which 
can cause evaporation of Al and this leads to occurrence of vapour-entrapped pores, and the 
solubility of gas in the melt pool from 2500 °C to 1650 °C (liquidus) decreases. Modelling 
and simulations have indicated that pore formation process can be also affected by dynamic 
flow patterns in the melt pool caused by a wide range of factors [213]. 
 It is important to note that although the porosity in AM Ti-6Al-4V can be managed to 
be as low as 0.1 vol.%, the number of pores which has harmful effect on mechanical 
performances can still be momentous. For explanation, consider a 10 mm diameter and 100 
mm long AM Ti-6Al-4V rod containing 0.1 vol.% porosity. Presume that all of the pores are 
spherical and each pore is 30µm in diameter, which is large enough to aggravate high-cycle 
fatigue (HCF) performance [214]. The presence of 0.1 vol.% porosity means that, on average, 
there exist 5555 pores in each millimetre-thick slice of the rod and those are a uniformly 
distributed. Non-uniformly distributed pores can be more harmful. The lack-of-fusion defects 
as well as large gas-entrapped pores may play therefore crucial role in fatigue performance of 
AM components.  
 
2.3.3. Mechanical performance 
 Ti-6Al-4V is most commonly used in the mill-annealed condition. However, Ti-6Al-
4V can be hardened in sections up to 25.4 mm thickness via a solution treatment and aging 
(STA) process. Table.2.2. lists the minimum requirement of tensile properties of mill-
annealed and STA Ti-6Al-4V at room temperature as a point of reference for the discussion of 
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tensile properties of AM Ti-6Al-4V.  
 
Table.2.2. Minimum tensile properties of mill-annealed and solution-treated and aged (STA) 
Ti-6Al-4V at room temperature  








in area (%) 
specification 
For all sizes in general Annealed 895 828 10 25 ASTM B348 
<12.7 STA 1137 1068 10 20 Mil-T-9047G 
12.7-25.4 STA 1103 1034 10 20 Mil-T-9047G 
Microstructure  Mill-annealed: equiaxed α-grains plus ~10 vol.% grain boundary β 
STA: bimodal; ~30-40 vol.% equaxed α-grains plus a fine lamellar α-β 
matrix from decomposed α′ 
Note: YS, yield strength; UTS, ultimate tensile strength 
 
For Ti-6Al-4V with a typical α-β lamellar microstructure, the average thickness α-lath 
can be used as a characteristic feature to evaluate its mechanical properties. The literature 
data indicating a relationship between the yield strength and the inverse square root of α-lath 
thickness for Ti-6Al-4V is summarized in Fig.2.16. [40, 88, 91, 93, 215-219]. The 
relationship observed seems to be following the Hall-Petch relationship for most of the data 
reported. The α-lath thickness which satisfies the minimum yield strength requirement of 828 
MPa is about 8.0 µm as shown in Fig.2.16. This observation generally agrees with that AM-
HIP Ti-6Al-4V with coarse α-lamellar indicates yield strengths below 828 MPa [200]. 
58 
 
Consequently, other HIP conditions should be investigated. Furthermore, the microstructure-
property relationship shown in Fig.2.16 served as the roadmap for the recent development of 
SLM Ti-6Al-4V which shows similar or superior tensile strength as good as Ti-6Al-4V in 
solution treated and aged (STA) condition. 
 
References:   [40],   [216],   [217],   [88],   [218],   [215],   [219],   [93],   [91] and   
[89] 
Fig.2.16. Tensile yield strength versus inverse square root of α-lath thickness for lamellar α-β 
microstructure. 
 
STA graded Ti-6Al-4V presents the highest strength of the alloy Ti-6Al-4V while still 
possessing reasonable ductility as shown table.2.2. This enables the alloy to be used for a 
wide range of applications. However, the bimodal microstructure of the STA graded Ti-6Al-
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4V (globular α in fine lamellar α-β matrix) is not easily achievable by current AM processes 
[194]. 
The Fig.2.17 shows summary of tensile yield strength and total elongation to failure 
of Ti-6Al-4V fabricated by both conventional methods [220] and AM methods [91, 139, 215, 
221]. A general inverse relationship is observed. It was reported that Ti-6Al-4V which has 
tensile strength and elongation similar to that of STA-graded Ti-6Al-4V successfully 
manufactured by AM and the microstructure of the AM Ti-6Al-4V is not bimodal but 
ultrafine α-β lamellar structure [89]. With this new approach, the as-built SLM Ti-6Al-4V 
achieved high tensile strength (>1200 MPa), yield strength (>1100 MPa), and tensile 
elongation (>10 %), indicated by the blue filled square in Fig.2.17. This was realized by 
taking advantage of the martensitic microstructure in SLM Ti-6Al-4V in as-built stage. To be 
more specific, the thickness of α′-martensite phase is much thinner than that of α-lath even in 
STA-graded Ti-6Al-4V. Thus, use of the concept of inducing in-situ decomposition of α′-
martensite phase can offer the unique opportunity to achieve ultrafine lamellar α-β 
microstructure (Fig.2.14b). An increase in focal offset distance (FOD) encourages α′-
martensite phase to be decomposed [89]. This microstructure is expected to lead to better 
tensile properties for AM Ti-6Al-4V because ultrafine α-lath corresponds to high yield 
strengths as shown in Fig.2.16. The resulting ultrafine lamellar α-β microstructure also shows 
good fatigue strength (400 MPa) [222] in the as-built state, although it is still lower than that 
of the STA Ti-6Al-4V (700 MPa). 
Many researches are under way to utilize this martensite decomposition-based-
approach to the AM of Ti-6Al-4V parts with different section thickness. Factors that can 
influence the formation and decomposition of martensite during both SLM and SEBM for Ti-
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6Al-4V fabrication have received growing attention for enhancement of microstructural 
control capability [223, 224].  
In addition, massive transformation in Ti-6Al-4V can be used for new microstructure 
control strategy during AM. Since massive transformation brings about entirely new massive 
αm grains at the region of interface between prior-β grain boundaries while α′-martensite lath 
is always formed in the parent β-grains without changing the parent grain structure by 
martensitic transformation, as shown in Fig.2.14d [201], this offers an unique opportunity to 
transform the columnar β-grains in AM Ti-6Al-4V into equiaxed αm grains. Furthermore, it is 
confirmed that αm can also decompose into ultrafine α-β microstructures in AM Ti-6Al-4V 
similar to martensite [201]. The transformation from β to αm therefore, offers a different 
approach to microstructure control and alloy designs for AM. Further investigation of 
microstructural development have been presented on other AM titanium alloys by taking 
advantage of the self-aging process during AM (e.g., the realization of 50-250 nm Y2O3 




Fig.2.17. Yield strength vs. tensile elongation to failure for Ti-6Al-4V fabricated by different 
means [89, 139, 192, 221, 225, 226]. 
 
2.3.4. Crystallographic orientation 
The crystallographic orientation of phases in common with macro-defects and size, 
morphology and distribution of the phases, can influence mechanical properties. In addition 
to this, it also can offer the unique opportunity to interpret processing route.  
The β grains size, boundaries and crystallographic texture in Ti-6Al-4V have indeed a 
great influence on the α-phase precipitation and orientation distribution, and hence the static 
and dynamic mechanical properties of the alloy. The investigation of the α/β relationship is 
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however complicated because generally only limited or no β-phase is present at room 
temperature after rapid cooling from the β-phase field. To address this problem, several 
studies have shown that the β-phase crystallographic texture can be reconstructed from the α-
phase texture through the Burgers orientation relationship for which (0001)𝛼 ∥ (110)𝛽 and 
〈112̅0〉𝛼 ∥  〈111〉𝛽 [227-230]. This relationship has been indicated in Fig.2.18. 
 
 
Fig.2.18. Diagram for Burgers orientation relationship between α- and β-phase in Ti-6Al-4V 
[231] 
 
 Prior β grains have a preferred {100} texture as a main grain growth direction along 
building direction of the component in SLM. The β → α′ transformation is governed by the 
Burgers orientation relationship. To be more specific, most of the α′-plates belonging to the 
same parent β grain have the (0001)𝛼′  reflection 60° misoriented around the 〈011̅0〉𝛼′ 
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axes. The (112̅0)𝛼′ pole figures reveal that the α′ variants precipitate in clusters forming 
boundary misorientations that minimize the strain energy associated with martensitic 
transformation [232] as shown in Fig.2.19 (a)-(c).  
 
Fig.2.19. EBSD α′ orientation map and the corresponding colour scheme of a specimen (the 
black arrow indicates the building direction) and corresponding contour pole figures of (a) 




 The overall α′ texture is demonstrated randomly because of the large number of 
micro scaled α′ plates which precipitate within the columnar prior β grains. The variant 
frequency distribution (Fig.2.19(d)) reveals that the α′ phase was grown in multiple directions 
and random orientation[232]. Although the α / β microstructure is examined in the Ti-6Al-4V 
alloy processed by EBM, in the regard of crystallographic orientation similar results to SLM-
fabricated Ti-6Al-4V was observed [40].  
 
2.4. Knowledge gaps identified from the literature review 
The following knowledge gaps of particular interest to this candidate have been 
identified from the literature review:  
1. The α′-martensitic microstructure including shape, lattice parameters and 
arrangement of the α′-phase in Ti-6Al-4V has not been understood in detail yet. A 
research on ‗Characterization of α′-martensite in Ti-6Al-4V fabricated by selective 
laser melting‘ is therefore, conducted. 
2. In spite of significant progress in inducing in-situ decomposition of α′-martensite 
phase during SLM process, there is rack of detailed information such as 
relationship between temperature and microstructural features, behind that. For 
this reason, it is necessary to understand ‗Martensite decomposition in additively 
and conventionally manufactured Ti-6Al-4V‘. 
3. To fill the research gap mentioned above and acquire a better understanding about 
SLM process, ‗In-situ synchrotron X-ray analysis of martensite decomposition in 
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additively and conventionally manufactured Ti-6Al-4V‘ is also carried out. 
4. The complex thermal history in the component being fabricated by the SLM 
process can lead to inhomogeneous microstructures in the component. However, 
the microstructure in different areas in one SLM-built Ti-6Al-4V specimen or 
components has not been well understood. As a result, a study is performed on 
‗Selective laser melting-fabricated Ti-6Al-4V: Microstructural inhomogeneity, 
consequent variations in elastic modulus and implications‘.  
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Chapter 3. Experimental Methods, Procedures and 
Characterization  
3.1. Selective laser melting 
In this study, two types of Ti-6Al-4V specimens were prepared. One type was fabricated 
using the selective laser melting (SLM) technique and the other type was prepared by heat 
treatment of commercial grade mill-annealed Ti-6Al-4V. To manufacture the SLM-fabricated 
Ti-6Al-4V specimens, argon-gas atomized Ti-6Al-4V powder (ASTM Grade 23, 0.1 wt.% O, 
0.009 wt.% N, 0.008 wt.% C, 0.17 wt.% Fe, <0.002 wt.% H; TLS Technik GmbH & Co.) in 
the size range 25-45 µm (Fig.3.1) and a SLM system (SLM 250HL of SLM Solution GmbH) 
were used. The powder particles were spherical and had smooth surfaces as shown Fig.3.1. 
The overall appearance and building chamber of the SLM system used in this study are 
depicted in Fig.3.2.  
 




Fig.3.2. (a) SLM 250 HL system and (b) the building chamber. 
 
There are a variety of SLM processing parameters that can affect the fabrication quality 
of metallic components, such as laser power (P), scan speed (v), hatch spacing (h), layer 
thickness (t) and focal offset distance (FOD). Among them the first four parameters 
determine the energy density (E), which is defined by Eq. 3.1 [1]. The processing parameters 
used in this study to fabricate Ti-6Al-4V samples are listed in Table 3.1. 
 
𝐸 (𝐽 𝑚𝑚3⁄ ) =
𝑃 (𝐽/𝑠)
𝑡 (𝑚𝑚) × 𝑣 (𝑚𝑚/𝑠) ×ℎ (𝑚𝑚)







Table 3.1. SLM processing parameters used to fabricate samples.  
 
 Prior to SLM, a Ti-6Al-4V substrate (250 mm  250 mm) was preheated to 200°C 
and the building chamber was purged with Ar gas until the oxygen level was reduced to 100 
ppm in order to minimize oxidation of the samples. Furthermore, the SLM samples were 
either fabricated onto a support structure or directly on substrate with a chessboard scanning 

























of α′ martensite 
(Chapter 4) 
175 0.03 710 0.12 2 68.47 
For 
characterisation 
of α′ martensite 
(Chapter 4) 
100 0.03 375 0.12 0 74.07 
For identification 
of decomposition 
of α′ martensite  
(Chapter 5) 
175 0.03 710 0.12 2 68.47 
For identification 
of decomposition 
of α′ martensite  
(Chapter 6) 










Fig.3.3. Schematic diagram of SLM process [2]. 
 
 
Fig.3.4. Schematic diagram of chessboard scanning strategy [3]. 
 
3.2. Post-SLM heat treatment 
 In addition to selective laser melting (SLM), post-SLM heat treatment was carried 
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out on both SLM-fabricated and mill-annealed Ti-6Al-4V to prepare specimens for the work 
on -martensite decomposition described in Chapter 5 and Chapter 6. First of all, mill-
annealed Ti-6Al-4V alloy was solution-treated at 1050 °C for 100 min and then water-
quenched to produce the α'-martensite phase. For examination and comparison of the 
decomposition behaviour of α' martensite in water-quenched and SLM-fabricated Ti-6Al-4V 
(Chapter 5), samples were heated to  (20 °C / min) the designated temperatures for various 
time durations in a tubular vacuum furnace under an Ar atmosphere, and were then cooled 
down rapidly by moving them to the zone of ambient temperature. The furnace was 
evacuated into below 0.2 Pa and Ar gas was purged three to four times and was then refilled 














Table 3.2. Post-SLM heat-treatment conditions. 
   Time (h) 
 
Temperature (°C) 
0.5 1 2 5 18 
360   ○ / ●   
410   ○ / ●   
500   ○ / ●   
600 ○ / ● ○ / ● ○ / ● ○ / ● ○ / ● 
700   ○ / ●   
800 ○ / ● ○ / ● ○ / ● ○ / ● ○ / ● 
880   ○ / ●   
900   ○ / ●   
○ : SLM-fabricated Ti-6Al-4V  ● : Water quenched mill-annealed Ti-6Al-4V  
Heating rate: 20°C / min, Cooling rate: air cooling 
 
3.3. Phase identification and microstructural characterization 
 To identify the phases in the samples, X-ray diffraction (XRD) analysis was 
conducted using a standard X-ray diffractometer (Cu Kα; Bruker D4 ENDEAVOR with Lynx-
Eye PSD) at an anode target voltage of 40 kV and electron beam current of 35 mA. All 
samples used for XRD were mechanically ground up to 1000 grit of SiC paper to make the 
sample flat and clean. The diffraction patterns were acquired at a slow scan speed (step size: 
0.02°, dwelling time: 2s) in order to reveal the minor phases in Ti-6Al-4V as much as the 
system can. The phases detected were identified by comparing the patterns with those in the 
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databases of powder diffraction file (PDF) and international centre for diffraction data (ICDD) 
and crystallography open database (COD) using XRD pattern analysis software Match! 1.01 
(crystal impact) and EVA 4.0 (Bruker Company). 
 A micro X-ray diffractometer (μ-XRD, Cu K; Bruker D8 DISCOVER) was further 
used, which is featured by an X-ray beam that can be focused down to a spot less than 500µm. 
It offers unique opportunities to acquire diffraction patterns from tiny sample or local region 
of parts. The instrument is comprised of an X-ray source, a detector, a sample stage, a laser 
pointer and a camera as shown in Fig.3.5a. The laser pointer is used to indicate the region of 
interest that is exposed to X-ray beam and the camera can provide a close view as shown in 
Fig.3.5b. These features of the micro-XRD make it possible to collect diffraction patterns 
from specific localized regions. 
 
Fig.3.5. (a) A snapshot of the micro-XRD and (b) the camera view of the region of interest 




 Phase identification was carried out at different selected areas of the sample. The 
micro-XRD was operated at an anode target voltage of 40 kV and an electron beam current of 
40 mA with an exposure time of 400 s at the 2 = 40° and 2 = 70°. Since the detector of the 
micro-XRD (Vantec 2000) offers the small angle range (<40°) of Debye-Scherrer ring, the 
two fixed angles mentioned above were used to acquire diffraction patterns in the range from 
2θ = 30° to 2θ = 80°, which cover the major peaks for phases in Ti-6Al-4V. For the 
convenience of phase identification, two dimensional (2D) diffraction patterns were 
converted into one-dimensional (1D) diffraction pattern using GADDS software. The powder 
diffraction patterns in the standard database were displayed as 1D graphs indicating intensity 
and 2θ degree.  
 For characterization of the morphological features of the microstructure in Ti-6Al-4V 
(Chapters 4, 5 and 7), two scanning electron microscopes (FEI Nova NanoSEM 200 
FEGSEM equipped with an EBSD detector and FEI extreme high-resolution Verios 460L 
FEGSEM) were used. The samples were mechanically ground and polished to mirror finish. 
The micrographs were analysed by image analysis software ImageJ in order to quantify the 
microstructural features such as the volume fraction of twinned martensite plates, primary 
and secondary martensite features, aspect ratio and lamellar spacing of the αʹ- or α-phase in 
Ti-6Al-4V. Selected microstructures (Chapter 4) were further analyzed by using the electron 
backscattering diffraction (Oxford NordlysMax
2
 EBSD detector). 
 Twins and twin boundaries within the αʹ-martensite phase were examined by using a 
transmission electron microscope (JEOL 2100F FEGTEM / STEM). The specimens 
(12 μm × 5 μm × 0.1 μm) for TEM characterisation were prepared by using a SEM / focused 




3.4. 3D reconstruction of microstructure 
 The 3D morphology of the phases in the Ti-6Al-4V alloy can be demonstrated by 
reconstructing a series of 2D micrographs. To acquire the necessary series of scanning 
electron microscopy (SEM) images, a secondary electron microscope was used, which was 
equipped with a focused ion beam (FIB) system (FEI Scios Dualbeam FIB/SEM system) and 
the Auto Slice and View G3 software. In this system, a high-energy Gallium ion beam was 
used to slice a layer with a pre-determined thickness and then an electron beam was used for 
imaging. A schematic diagram indicting the process is presented in Fig.3.6.  
  
Fig.3.6. Schematic diagram of slice and view technique. 
 
 For the 3D reconstruction of the αʹ-martensite phase in the SLM-fabricated Ti-6Al-
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4V (Chapter 4), the volume of interest selected for this analysis was 20 μm × 20 μm × 20 μm 
(W×H×D) and a layer thickness of 50 nm was used to slice this volume. In total, 400 layers 
were examined. Detailed settings for milling with ion-beam and imaging with e-beam are 
summarized in Table 3.3. In general, the high energy Ga ion beam interferes with the sample 
surface during the milling process and this can exert a negative effect on the quality of 2D 
SEM micrographs. In other words, it was challenging to examine the exact detailed 
microstructures in the SEM micrographs taken. As a result, a total number of 400 
micrographs were collected but only 134 micrographs with sufficient contrast and clear 
details were chosen for 3D microstructure reconstruction. The features of the microstructure 
in SLM Ti-6Al-4V were reconstructed into corresponding 3D morphological presentations 
using image analysis software Avizo 9.01, (FEI Company) 
Table 3.3. Detailed settings for milling and imaging. 
 
 
3.5. Characterization by in-situ synchrotron X-ray diffraction 
 The high energy X-ray powder diffraction beamline accelerated by means of bending 
magnets (λ=0.5894 Å; photon energy = 21.0338 KeV; beam current = 200 mA) in the 
Australian Synchrotron Facility was used to evaluate (i) the in-situ decomposition of αʹ-
martensite, (ii) crystallographic changes of relevant phases in SLM-fabricated Ti-6Al-4V, and 
Beam source Acceleration 
Voltage  
(kV) 
Beam current  
(nA) 
Detector 
Ga-Ion 30 3.2 None 
Field emission e-gun 5 0.8 Everhart-Thornley detector (ETD) 
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(iii) phase and crystallographic changes in water-quenched mill-annealed Ti-6Al-4V (Chapter 
6). Samples were first sectioned into a thin plate of 20 mm in height and 10 mm in width and 
were then mechanically ground to the required thickness of <200 µm.  
 The testing sample was placed onto a heating element in the Anton Paar dome 
furnace (DHS 1100) as shown in Fig.3.7. The atmosphere within the dome can be controlled 
using several gases for specific purposes. Since the testing sample sits exactly onto the 
heating element and the X-ray beam is aligned to strike the top surface of the sample, it is 
necessary to insulate the heating space from the circumstance to minimize the inconsistency 
between the setting (heating element temperature) and measured temperatures. The dome 
assists in keeping temperature by preventing excessive heat loss during in-situ heating 
experiment. It was filled with high-purity Ar gas at the pressure of 0.13 MPa to prevent 
oxidation during experiment. Samples were heated up from room temperature to 1050 °C at a 
heating rate of 10 °C/min and held at 1050 °C for 30 min. Then, the SLM-fabricated Ti-6Al-
4V was cooled down to room temperature at a cooling rate of 10 °C/min while the water-
quenched mill-annealed Ti-6Al-4V sample was air-cooled to investigate the effect of cooling 
rate on lattice parameter and volume fraction of the β-phase. The diffraction patterns were 
acquired using the fly-scan method within 150 seconds, producing 104 and 65 patterns from 
the SLM-fabricated and the water-quenched mill-annealed Ti-6Al-4V samples, respectively. 
 Furthermore, the stage was constantly rotated between -60 and +60 to reduce the 
effect of crystal orientation on diffraction patterns. The stage was tilted at 8° for occurrence 
of diffraction and detection. A high angle detector (Mythen-Ⅱ) with the Bragg-Brentano type 




Fig.3.7. (a) Heating element inside a dome and (b) overview of Anton Paar dome furnace. 
 
 Rietveld refinement was performed to identify constituent phases, lattice parameters, 
and the volume fraction of each phase. The GSAS-Ⅱ software was used for refinement and 
each successful refinement showed an R value of less than 16, which means that the results 
from refinement are acceptable. The R value means a degree of mismatch between diffraction 
patterns acquired from instrument and that in reference data base [4]. 
 
3.6. Mechanical properties 
 The nano-indentaion technique was used to measure elastic modulus at different 
positions in SLM-fabricated Ti-6Al-4V along the build direction (Chapter 7). The system 
used was a Hysitron TI-950 Triboindenter system with a Berkovich tip. Each selected build 
height was examined by 49 indentations (7 × 7 with 10 μm of spacing between each two 
indentations) for statistical significance. So in total, 343 indentations with an applied load of 
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5000 μN and loading-unloading time of 10 s were carried out. Since the surface roughness of 
each sample has a crucial effect on nano-indentation, each selected region was examined 
using an atomic force microscope (AFM; MFD-3D Infinity AFM) prior to nano-indentation. 
All samples were mechanically ground and carefully polished. The surface roughness Ra 
value was confirmed to below 50 nm. 
 Uniaxial tensile testing was carried out at an initial strain rate of 2.5 × 10−4 𝑠−1 on 
tensile samples (Chapter 4) using a MTS universal testing machine equipped with a laser 
extensometer. The gauge section of the tensile sample used for tensile testing was ∅ 6 mm ×
30 mm, which meets the ASTM standard E8/E8 M-09. 
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Chapter 4. Characterization of α′-Martensite in Ti-6Al-4V 
Fabricated by Selective Laser Melting 
 
4.1. Introduction 
 The acicular α′-martensitic microstructure of Ti-6Al-4V generally forms when the 
alloy is quenched from the β-phase region at cooling rates of above 410°C / s [1]. The α′-
martensite inherits the chemical composition of Ti-6Al-4V due to the diffusionless 
transformation process and is therefore supersaturated with vanadium [2]. The supersaturated 
vanadium can cause lattice distortion. In addition, the diffusionless transformation under high 
cooling rates compels the martensite phase to have a large amount of defects such as stacking 
fault, twins and dislocations, which result in high strengths but low ductility of the SLM-
fabricated Ti-6Al-4V [3, 4]. In addition, the elastic modulus of the alloy can become low [5]. 
 Because of the detrimental effects of the α′-martensite phase on ductility of Ti-6Al-
4V, the α′-martensite phase has been regarded as an undesired phase or an even must-avoid 
phase so far. However, on the other hand, the martensite phase in Ti-6Al-4V has not been 
studied in detail. Its morphological features and formation sequence has not been well 
established as yet. Recently, studies on improving the mechanical performance of the Ti-6Al-
4V alloy by using the α′-martensite phase as a starting phase for post-treatment such as heat-
treatment and thermo-mechanical treatment have been reported [6-8]. Moreover, it was 
confirmed that Ti-6Al-4V containing both α-phase and α′-martensite phase showed superior 
strength and ductility compared to conventional - Ti-6Al-4V [8]. In other words, unlike the 
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usual understanding of its role in Ti-6Al-4V, the α′-martensite phase can play a positive role 
either as a constituent phase or as a start phase for subsequent heat treatment.  
 Ti-6Al-4V alloy fabricated using selective laser melting (SLM) technique often 
consists of the α′-martensite phase, which leads to high strength but poor tensile ductility. In 
order to build Ti-6Al-4V components that are comprised of α/β-phases without the α′-
martensite phase, much effort had been made with good success [9-11]. However, the 
formation mechanism of each phase including the decomposition behaviour of the α′-
martensite phase, during SLM processing, has not been well understood yet. It is necessary to 
acquire detailed insight into their transformation behaviour during SLM of Ti-6Al-4V and 
post-SLM heat-treatment compared with conventionally manufactured Ti-6Al-4V. In 
particular, it is essential to investigate and characterize the martensitic microstructure in the 
SLM-manufactured Ti-6Al-4V in the as-built state as it can provide an essential link between 
manufacturing process and mechanical properties. In that regard, researchers have 
characterized the α′-martensite phase formed during SLM processing [12]. However, the 
studies reported were based on estimation from the analysis of two-dimensional (2D) 
micrographs, which are not informative enough to reveal the true morphology and 
configuration of the α′-martensite phase in the three-dimensional space. We are not aware of 
any detailed experimental results about the basic 3D morphological features of the α′-
martensite phase in SLM-fabricated Ti-6Al-4V.  
 In this research, in order to investigate the 3D morphology and configuration of the 
α′-martensite phase in Ti-6Al-4V fabricated using SLM system, the phase is re-drawn by 
reconstructing 2D scanning electron micrographs of serial sectioned planes. Furthermore, 
with this reconstructed 3D morphology, the phase can be characterized by its size and 
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location in the 3D space. Also, the formation angle of the α′-martensite phase is estimated by 
investigation into the angles formed between the α′-martensite phase and specimen surface. 
Additionally, the lattice parameter and c/a ratio of the HCP lattice of the α- or α′-phase in the 
as-built Ti-6Al-4V and heat-treated Ti-6Al-4V, are characterized on the basis of detailed XRD 
analyses in order to show their lattice stability. 
 
4.2. Experimental procedure 
 Argon gas atomized Ti-6Al-4V powder (ASTM Grade 23, ELI, 0.1 wt.% O, 0.009 
wt.% N, 0.008 wt.% C, 0.17 wt.% Fe, <0.002 wt.% H; TLS Technik GmbH & Co.) in the size 
range 25-45 μm was used. The thick plate (20 mm × 20 mm × 10 mm) of specimen was, 
vertically, fabricated by the selective laser melting (SLM) facility (SLM solution GmbH, 
SLM 250HL) onto a Ti-6Al-4V substrate with the chessboard scanning strategy to reduce 
thermal gradient. The processing parameters used to make the sample are laser power of 175 
W, hatch spacing of 120 μm, scan speed of 710 mm/s of and layer thickness of 30 μm. The 
substrate was pre-heated to 200 °C and the build chamber was purged with argon gas until the 
oxygen level was reduced to below 100 ppm. In order to characterize the α′-martensite phase 
by comparison with the fully decomposed α-phase, one SLM-fabricated sample was heat-
treated at 880 °C for 5 hours and then furnace-cooled.  
 A secondary electron microscope (SEM) equipped with a focused ion beam (FIB) 
system (FEI Scios Dualbeam FIB/SEM system) and an electron backscattered diffraction 
(EBSD) detector was used to acquire the series of SEM micrographs with the Slice-and-View 
function in the system. The volume of interest is 20 μm × 20 μm × 20 μm (W × H × D). The 
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SEM micrographs were taken in every 50 nm in depth. So the total number of micrographs 
was 400. The FEI Avizo 9.01 software was used to reconstruct the 3D image of the specified 
volume. Phase identification was performed on each Ti-6Al-4V sample in both the as-built 
and post-SLM heat-treated states using a X-ray diffractometer (Cu Kα; Bruker D8 
ENDEAVOR with Lynx-Eye PSD), operated at 40 kV and 35 mA with a step size of 0.02 ° 
and a dwelling time of 2 s per step. 
 
4.3. Results and discussion  
4.3.1. Martensite in SLM-fabricated Ti-6Al-4V – 2D features    
 Fig.4.1 shows the 2D micrographs (Fig.4.1a-d), inverse pole figure (IPF) map 
(Fig.4.1e) and Kikuchi pattern quality (KPQ) map (Fig.4.1f) of the as-built SLM Ti-6Al-4V, 
where Fig.4.1g is a schematic diagram that summarizes the microstructural features observed. 
The observations revealed that the Ti-6Al-4V alloy in the as-built state is fully martensitic as 
reported in the literature [13-15]. The martensite phase can be characterized by several 
morphological features. Its 2D morphology shows (i) needle-like shapes (Fig.4.1a), (ii) lath-
like shapes with a higher aspect ratio (Fig.4.1b), (iii) lenticular shapes (Fig.4.1a), and (iv) 
occasionally patch-like shapes (Fig.4.1b and d). To be more specific, the martensite phase 
with a needle-like shape has a very sharp tip on its both ends and the thickness is reasonably 
uniform. The lath-like martensite phases do not have sharp tips compared with needle-like 
martensite phases. On the other hand, lenticular martensite phases have fine tips, similar to 
the needle-like martensite phases, but they show much thicker central regions allowing them 
to have lower aspect ratios than the needle-like or lath-like martensite phases. Patch-like 
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martensite phases show much lower aspect ratios, about 1.5. It is further noted that the 
thickness of the individual martensite phase can vary from a few tens of nanometres to a few 
micrometres. Fig.4.1d also shows some regions that consist of martensite laths having similar 
lengths and orientations, surrounded by coarser martensite phases. 
It was found that some martensite plates experienced twinning during martensitic 
transformation from β-phase to α′-phase in SLM-fabricated Ti-6Al-4V (Fig.4.1a, c and f). 
Additionally, the twinned microstructure was mainly found in relatively long martensite laths. 
Similar twinned microstructures were observed in SLM-fabricated Ti-6Al-4V by other 
researchers [10, 12]. This twinned microstructure can also be seen in the KPQ map in 
Fig.4.1f, which shows that twinning mainly takes place in relatively large martensite laths 
especially in those that place their tips on the prior-β grain boundaries. However, the twinning 
microstructure is not revealed in the IPF map of Fig.4.1e, because the step size for EBSD 
mapping is greater than the twin plate thickness. It has been suggested that twinning in 
martensite is attributed to the abrupt shrinkage of the unit cell during martensitic 
transformation. A detailed analysis of the volume of the unit cell at high and room 
temperatures will be presented subsequently. 
 For more systematic characterization of the martensitic microstructure in the as-built 
Ti-6Al-4V, it is necessary to categorize the martensite phase according to their size and 
location. The schematic diagram shown in Fig.4.1g is based on the SEM images in Fig.4.1a- 
d, the IPF map (Fig.4.1e) and the KPQ map (Fig.4.1f). In this schematic diagram, the 
martensite phases are classified by their size and location in prior-β grains. The largest 
martensite plates that are located across prior-β grains are defined as primary martensite 
phases. To be more specific, the both sides of such martensite laths sit at the prior β grain 
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boundaries, i.e., they have the same length as that of their parent prior-β grains. Secondary 
martensite phases are defined as those that are located between prior-β grain boundaries and 
the primary martensite laths. Similarly, the tertiary martensite phases are defined as those that 
are located between secondary martensite phases, and the quaternary martensite phases are 
mainly located between tertiary martensite phases. A rough estimation suggests that the 
tertiary and quaternary martensite phases have occupied the largest volume in the SLM-




Fig.4.1. (a)-(d) Scanning electron micrographs, (e) inverse pole figure (IPF) map, (f) Kikuchi 
pattern quality (KPQ) map of SLM-fabricated Ti-6Al-4V in the as-built state. (g) is a 




 The twin features observed under SEM were further investigated by TEM. The twins 
having similar morphological features to those seen under SEM have been clearly presented 
in the TEM bright field imaging mode (Fig.4.2a). The thickness of the twins within the 
martensite phases varied from a few nanometres to a few tens of nanometres. Furthermore, it 
was found that twinning did not occur in each martensite plate throughout the entire sample. 
In other words, both twin-free and twin-heavy martensite phases were observed under TEM, 
consistent with SEM observations. The existence of twins was clearly revealed by close 
inspection under high resolution TEM (HRTEM). Atoms on both sides of the twin boundary 
maintain coincidences of its arrangement despite change in directions, as shown in Fig.4.2b. 
The corresponding Fast Fourier Transform (FFT) pattern (Fig.4.2c) supports the presence of 
twins because the double dots in the patterns are representative patterns of twinned crystalline 
structures. Furthermore, since HCP metals including Ti do not have sufficient easily activated 
slip systems, twinning can occur under loading rather than dislocation slip [16]. This helps to 
explain the observation that SLM-fabricated Ti-6Al-4V consists of both twinned and non-
twinned martensite phases.  
 
Fig.4.2. (a) TEM bright field image and (b) high resolution TEM micrograph and (c) fast 




 Another observation was that the martensitic microstructure in SLM-fabricated Ti-
6Al-4V can be varied by changing the SLM parameters. Consequently, the categorizing 
method used above of the martensite phases can be used to assess the influence of the SLM 
process on the microstructural development. Two SLM-fabricated Ti-6Al-4V samples, 
referred to as 100W-Ti64 and 175W-Ti64, were examined, where 100W and 175W are the 
laser power used for SLM processing. Fig.4.3 shows that both samples contain primary, 
secondary, tertiary and quaternary martensite phases. However, the 100W-Ti64 sample had 
smaller prior-β grains (average area: 1033.15 µm2) than the 175W-Ti64 sample (1404 µm2).  
 A quantitative analysis revealed that the volume fraction of primary and secondary 
martensite plates in the 100W-Ti64 sample was greater than that in the 175W-Ti64 sample. 
However, the average length of primary and secondary martensite plates in the 100W-Ti64 
sample was shorter than that in the 175W-Ti64 sample due to the smaller prior- grains, 
while the width was almost the same. The prior-β grain size thus plays a decisive role in the 




Fig.4.3. SEM micrographs of the (a) 100W-Ti-6Al-4V sample, (b) the 175W-Ti-6Al-4V, (c) 
visualization image of (c) 100W-Ti-6Al-4V, (d) 175W-Ti-6Al-4V sample and (e) comparison 
of characters of those. 
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 As mentioned above, twinned martensite plates are easily found in SLM-fabricated 
Ti-6Al-4V while they are rarely seen in water-quenched mill-annealed Ti-6Al-4V. However, 
not all martensite phases contain twinned structures in SLM-fabricated Ti-6Al-4V as shown 
in Fig.4.4. So it is necessary to investigate in detail the twinned microstructure including the 
volume fraction of the twinned martensite phases and the number density of the twins. 
 Detailed examinations of the twinned martensite in both samples revealed that twins 
existed in small martensite plates as well as large martensite plates in the 100W-Ti64 sample 
(Fig.4.4a). In contrast, twins were found predominantly in small martensite plates in the 
175W-Ti64 sample (Fig.4.4b). In particular, the area fraction of twinned martensite plates is 
distinctly different in the two samples (27.67 % in the 100W-Ti64 sample versus 11.1 % in 
the 175W-Ti64 sample).  
 






 Fig.4.5 shows the XRD results obtained from the two samples and an annealed SLM 
Ti-6Al-4V sample (880 °C × 2 h) that consists of only  and . Owing to the overlapped 
XRD peaks between  and ', it is not possible to distinguish  and ' from the XRD results. 
The c/a values of the HCP lattices ( and ') can be used in that regard. The c/a values of 
100W-Ti64, 175W-Ti64 and heat-treated Ti-6Al-4V are different. They were calculated to be 
1.5936 for the 100W-Ti64 sample, 1.5952 the 175W-Ti64 sample and 1.6012 for the annealed 
SLM Ti64 sample. In conjunction with the '-martensite phases shown in Fig.4.1 it can be 
concluded that the α′-martensite phase has smaller ratios of c/a than the stable α-phase in Ti-
6Al-4V. It should be noted that a reduction in the c/a ratio for a HCP lattice makes slip of 
dislocations on the basal plane (0001 plane) more difficult [17]. As a result, twinning can 
easily occur to allow deformation to continue.  
 





 The unit cell volume of the α'-martensite phase in as-built Ti-6Al-4V is calculated to 
be 34.5319Å
3
 at room temperature, which is smaller than 35.6Å
3
 for the stable α-phase in the 
mill-annealed Ti-6Al-4V [18]. Furthermore, that is clearly smaller than 36.45Å
3
 for the β-
phase at the approximate -transus temperature (1000 °C) [18]. Hence, the   α' 
transformation is accompanied by a shrinkage of 5.2% in lattice volume while that for the  
 α transformation is only about 2.3%. This large and abrupt shrinkage in lattice volume can 
be regarded as a major reason for twining in the α′-martensite phase of Ti-6Al-4V.  
 
4.3.2. Martensite in SLM-fabricated Ti-6Al-4V – 3D features 
 Fig.4.6 shows the reconstructed 3D images of the individual α′-martensite phases in 
SLM-fabricated Ti-6Al-4V. The martensite phase is patch- or plate-like in the 3D space. Up 
till now, most researchers have described the '-martensite phase in Ti-6Al-4V as acicular 
martensite, martensite laths or martensite needles [1, 17, 19-21]. This is the first time to show 
that the '-martensite phase in SLM Ti-6Al-4V is actually patch- or plate-like.   
 The primary martensite phase investigated has the dimensions of 14.27 μm in width, 
11.32 μm in height and 1.07 μm in thickness, while the secondary martensite is measured to 
be 10.41 × 4.18 × 0.81 (μm3). However, it should be pointed out that there are much larger 
primary '-martensite plates or patches. The tertiary martensite plate analysed is measured to 
be 4.87 μm in width, 1.69 μm in height and 0.37 μm in thickness, while the quaternary 
martensite has the dimensions of 1.14 μm in width, 0.3 μm in height and 0.08 μm in thickness. 
 Twins can also be found in the reconstructed 3D images. For example, the primary 
martensite plate has a large amount of cleavage-like features (twins). There is much less in 
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the secondary martensite plate. In contrast, no such cleavage-like defects were found in the 
tertiary and quaternary martensite plates, consistent with the 2D SEM observations. 
 
Fig.4.6. The reconstructed three dimensional morphologies of individual (a) primary, (b) 
secondary, (c) tertiary, and (d) quaternary martensite plate in same scale. 
 
 To find out how the martensite plates have arranged themselves in the 3D space, 
several martensite plates have been reconstructed and presented in Fig.4.7 and Fig.4.8. 
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Fig.4.7a shows the overall appearance of all reconstructed martensite plates. They form 
various angles to each other. In particular, the secondary martensite plates formed face to face 
with their apexes while the tertiary and quaternary martensite plates have formed on existing 
martensite plates. One can easily find that the angle of apex of tertiary martensite plates is 
coincident with the angle formed between secondary martensite plates as shown in Fig.4.7c. 
 
Fig.4.7. 3D configurations of martensite plates: (a) Overview, (b) primary and secondary 





Fig.4.8. The reconstructed three dimensional morphology of α′-martensite plates when 
viewed in the (a) X, Y and Z space, (b) the XY plane, (c) the YZ plane and (d) the XZ plane. 
 
 Fig.4.8 highlights the fact that the same group of martensite plates can show 
distinctly different sectional views when observed from different angles. That is because the 
martensite plates formed at particular angles with the viewing surface. In fact, the same 
martensite plate or patch can be viewed as needle-like, lath-like, lenticular and patch-like. 





Fig.4.9. Schematic illustration to show the same martensite plate or patch can be viewed as 
needle-like, lath-like, lenticular and patch-like in a 2D view. 
 
4.3.3. Tensile properties  
Tensile tests have been performed to investigate how microstructural differences 
between 100W-Ti64 and 175W-Ti64 samples influence the mechanical properties. 
Representative tensile stress-strain curves obtained from the 100W-Ti64 and 175W-Ti64 
samples are shown in Fig.4.10. The 100W-Ti64 sample exhibited clearly better tensile 
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properties than the 175W-Ti64 sample in terms of both the tensile strengths and tensile strain 
to failure. To be more specific, yield strength, 0.2 % offset point, and ultimate tensile strength 
of 100W-Ti64 sample are 1021.9 MPa and 1210.5 MPa, while those of 175W-Ti64 are 
990.38 MPa and 1151.4 MPa, respectively. In particular, the tensile strain to failure of the 
100W-Ti64 sample reached 11.1 % (vs. 8.9% for the 175W-Ti64), compared to the 10 % 
minimum requirement for mill-annealed Ti-6Al-4V.  
A smaller prior-β grain size and a finer α′-lath size of the 100W-Ti64 sample can lead 
to enhanced strength. However, the tensile ductility is not always closely linked to the prior-β 
grain size and α′-lath size for Ti-6Al-4V. Twin boundaries can inhibit dislocation motion 
leading to increased strength. On the other hand, the dislocations that have piled up at the 
twin boundaries can pass the boundaries because of the coherency of twins at a high applied 
load so that sufficient ductility can still be obtained. This concept has been used to improve 
the mechanical properties in different metallic systems [22-25]. As a result, smaller prior-β 
grains and α′-laths size combined with twinned martensite phases can offer both high strength 




Fig.4.10. Engineering strain and stress curve of as-built 100W-Ti64 and 175W-Ti64 samples 
by SLM. 
4.4. Conclusions 
1. The microstructure of SLM-fabricated Ti-6Al-4V alloy is featured by a mixture of 
primary, secondary, tertiary and quaternary martensite plates and many martensite phases 
are heavily twinned. The area fractions of the primary, secondary, tertiary and quaternary 
martensite plates, twinned martensite plates and prior-β grains size can be varied by using 
different SLM parameters. However, the c/a value of the α′-martensite phase is relatively 
constant with respect to different SLM parameters. 
2. The use of a higher energy density SLM process results in smaller prior-β grains sizes, a 
larger area fraction of primary and secondary martensite plates and more twinned 
martensite plates than the use of a lower energy density SLM process . 
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3. The heavily twinned martensite plates noticeably increased the tensile strength while 
being still capable of retaining good tensile ductility (11.1%).  
4. It is suggested that the twinning phenomena are caused by the abrupt shrinkage in unit 
cell during martensitic transformation from 36.5944Å
3
 for the unit cell volume of the β-
phase at 1000°C to 34.5319Å
3
 for unit cell volume of the α′-phase at room temperature.   
5. The c/a value of the α′-martensite phase in SLM Ti-6Al-4V is smaller than that of the 
stable α-phase in Ti-6Al-4V. It is possible to use the c/a value to examine the stability of 
the HCP lattice in Ti-6Al-4V and to distinguish between the α′-and -phases. 
6. It has been clarified that the 3D shape of the martensite phase in SLM Ti-6Al-4V is 
patch-like or plate-like, rather than acicular or needle-like. Even though the martensite 
phase is shown as needle-like, lath-like, and lenticular in 2D micrographs, their 3D 
shapes are all patch-like or plate-like. . 
7. The martensite phase can be characterized according to their size and location as primary, 
secondary, tertiary and quaternary martensite phases. They form at different angles with 
respect to the sample surface. For this reason, two-dimensional (2D) micrograph 
examination can easily miss the representative 3D features of a martensite phase. 
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Chapter 5. Martensite Decomposition in Additively and 
Conventionally Manufactured Ti-6Al-4V 
5.1. Introduction  
 Selective laser melting (SLM) is a powder-bed-based additive manufacturing (AM) 
technology [1-3]. As with other AM processes [1-7], the SLM technique offers a variety of 
advantages over the conventional manufacturing techniques, such as borderless design 
potential, near-net shape fabrication, free of tooling or milling process, high efficiency for 
materials use, short lead time, and substantial cost savings in many cases. For these reasons, a 
wide range of metallic materials have been processed using SLM up to date. Among them, 
the Ti-6Al-4V (wt. %) has been highlighted due to its wide application in industry and further 
its high cost of manufacturing and long lead time by conventional manufacturing [2, 8].  
 In spite of those advantages, insufficient tensile ductility accompanied with the 
metastable acicular α′-martensite phase of SLM-fabricated Ti-6Al-4V has inhibited the wider 
use of SLM in Ti-6Al-4V manufacture. In general, the mechanical properties of the SLM-
fabricated Ti-6Al-4V depend largely on its constituent phases and their morphology and 
characteristic length scales, as well as the size and orientation (texture) of the prior-β grains. 
In view of the current standard SLM practice which is conducted with a pre-heated substrate 
at a temperature of 200°C, the resulting microstructure features columnar prior-β grains filled 
with acicular α′-martensite phase [1-3, 9]. The elongated prior-β grain boundaries combined 
with the presence of acicular α′-martensite, can lead to inter-granular failure [10]. Post-SLM 
heat treatment is therefore, regarded as an essential process to transform the acicular α′-
martensite into equilibrium α/β lamellar microstructure while reducing thermal stresses 
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accumulated during SLM process, at the same time [3, 11]. 
 In contrast, the fabrication of Ti-6Al-4V by SEBM is often performed at powder-bed 
temperatures above the α′-martensite decomposition temperature (Ms, 575°C [12]), which 
favours the formation of α- and β-phase instead of remaining to be α′-martensite [13]. The 
formation of both α- and β-phase not only leads to a near-equilibrium lamellar (α+β) structure, 
but also mitigates the textured columnar prior-β grains alleviating the texture [10]. As a result, 
the SEBM-fabricated Ti-6Al-4V often exhibits much better tensile ductility than the SLM-
built Ti-6Al-4V, as well as improved isotropic mechanical behaviour. However, the better 
ductility of the SEBM-fabricated Ti-6Al-4V usually corresponds to lower strength, falling 
into the so-called strength-ductility trade-off dilemma [14].  
 Solution treated and aged (STA) Ti-6Al-4V seems to be able to evade the dilemma, 
standing out with high yield strength (≥1100 MPa) at no ductility trade-off. The STA 
approach involves solution treatment above or just below the β transus temperature (≈ 
997 °C), followed by water quenching and aging at lower temperatures (e.g., 580-620 ºC) 
[15-17]. The resultant microstructure is composed of fine lamellar α-β microstructures with 
or without primary α-phase, due to the decomposition of α′-martensite phase during aging 
[17]. This processing route of STA for superior strength and ductility can be strong indication 
for manufacturing strong and ductile Ti-6Al-4V by SLM because the components fabricated 
by SLM, have been, naturally, thermally treated during the SLM process. To be more specific, 
almost every part, except the very top region, has been thermally treated by the heat 
generated by laser melting of newly deposited layers on top of them.  
 Xu et. al. have succeeded in fabricating Ti-6Al-4V alloy exhibiting similar strength 
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and ductility to those of the STA graded Ti-6Al-4V by enabling in-situ decomposition of the 
α′-martensite phase into ultra-fine lamellar α-β microstructures during the SLM process [18, 
19]. In spite of this development, the in-situ decomposition process of the α′-martensite phase 
and the influence of the complicated thermal history that the parts have experienced during 
the SLM process have not been fully understood yet. For example,, it has been confirmed by 
modelling and simulation that the parts being fabricated by SLM experience very complex 
thermal transition, or heating and cooling with different peak temperature [20, 21] and 




K/s) [22]. These features of the SLM process contribute 
to the development of different microstructures compared to conventionally fabricated Ti-
6Al-4V.  
 This research focuses on identifying and understanding the morphological changes 
and phase-changes of the α′-martensite phase during the SLM process of Ti-6Al-4V. The 
microstructure of the SLM-fabricated Ti-6Al-4V is characterized by comparison with 
decomposition of the α′-martensite phase in conventionally manufactured Ti-6Al-4V. 
 
5.2. Experimental procedure 
 Argon gas atomized Ti-6Al-4V powder (ASTM Grade 23, ELI, 0.1 wt.% O, 0.009 
wt.% N, 0.008 wt.% C, 0.17 wt.% Fe, <0.002 wt.% H; TLS Technik GmbH & Co.) in the size 
range 25-45 μm was used to fabricate Ti-6Al-4V samples using the selective laser melting 
(SLM) facility (SLM solution GmbH, SLM 250HL). The layer thickness, laser power, scan 
speed and hatch spacing used are 30 μm, 175 W, 710 mm/s and 120 μm, respectively. The 
mill-annealed Ti-6Al-4V alloy was used for comparison. In order to acquire martensitic 
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microstructure in the mill-annealed Ti-6Al-4V alloy, the sample was water-quenched after 
annealing at 1050 °C for 100 min.  
 Heat-treatment of the SLM-fabricated and water-quenched mill-annealed Ti-6Al-4V, 
was carried out in a tubular vacuum furnace. The furnace was first evacuated to below 0.2 Pa 
and then Ar gas was used to purge the furnace four times to form an Ar atmosphere. All 
samples were heated up at a heating rate of 20 °C / min to 360, 410, 500, 600, 700, 800, 880 
and 930 °C for 2 hours. They were then cooled rapidly by moving them out of the furnace to 
the ambient temperature environment. In addition, some were isothermally treated at 600 °C 
and 800 °C for 0.5, 1, 2, 5 and 20 hours in order to evaluate kinetics for phase growth and 
effect of time duration on formation of other phases. 
 The microstructure was examined using scanning electron microscopy (SEM; FEI 
Nova NanoSEM) in either the secondary electron (SE) or backscattered electron (BSE) 
imaging mode. Phase identification by X-ray diffraction (XRD) was performed on the cross 
section at the middle height (5 mm from bottom) of each selected Ti–6Al–4V cube. The X-
ray diffractometer (Cu Kα; Bruker D4 ENDEAVOR with Lynx-Eye PSD) used for phase 
identification was operated at 40 kV and 35 mA with a step size of 0.02 and a dwelling time 
of 2 s per step. 
 
5.3. Results and discussion  
 The Fig.5.1 shows representative scanning electron microscope (SEM) images of 
selective laser melting (SLM)-fabricated and conventionally manufactured Ti-6Al-4V before 
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heat treatment. Herein the Ti-6Al-4V alloy fabricated using SLM is referred to as SLM Ti64 
and mill-annealed Ti-6Al-4V alloy as MA Ti64. Although both samples exhibit typical 
lenticular α′-martensite phases, differences exist between them. For example, prior-β grain 
boundaries can easily be found in as-built SLM Ti64 (Fig.5.1a) while they are absent in 
water-quenched MA Ti64 (Fig.5.1b). The martensite plates in water-quenched MA Ti64 are 
much longer than those in the as-built SLM Ti64 due to the fast cooling rates in the SLM 
process or the MA Ti64 samples contain more high-aspect-ratio α′-plates than the SLM Ti64 
samples. 
 
Fig.5.1. SEM micrographs of (a) as-built SLM Ti64 and (c) water quenched MA Ti64. 
 
 
 The microstructures of the heat-treated SLM and MA Ti64 samples at various 
temperatures for 2 h are presented in Fig.5.2 and Fig.5.3, respectively. Overall, the thickness 
of the α′-plate in heat-treated SLM Ti64 samples is smaller than in the heat-treated MA Ti64 
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samples under the same heat-treatment conditions.   
 The MA Ti64 sample did not show noticeable changes in their microstructure after 2 
h at 410 °C followed by air cooling as shown in Fig.5.2. However, very thin lath-like bright 
phases at the inter-lamellar were observed in the SLM Ti64 sample under the same heat 
treatment conditions as shown in Fig.5.3. Owing to these changes being limited, XRD is 
unable to reveal these changes (Fig.5.4). In addition, twinned αʹ-martensite phases were 
observed in SLM Ti64 sample (Fig.5.3) while the MA Ti64 sample (Fig.5.2) does not have 
twinned αʹ-martensite phase. 
 Particle-like β-phase was observed in both SLM Ti64 and MA Ti64 samples heat-
treated at 600 °C for 2 h followed by air cooling. XRD was able to reveal these changes 
(Fig.5.4). The results indicate that after 2 h at 600 °C, the α′-martensite phase in  both 
samples has started the decomposition process into  and . In this early stage of 
decomposition, the morphology of the β-phase is particle-like. In this stage, the significant 
growth of αʹ- or α-phase was not observed in both SLM and MA Ti64 samples. This means 
that annealing at 600 °C for 2 h is not enough to induce growth of the α-phase in both 
samples.  
 As expected, typical lamellar α/β microstructures for Ti-6Al-4V are obtained after 2 
h at 800 °C, followed by air cooling as shown Fig.5.2 and Fig.5.3. The equilibrium 
microstructure at 800 °C is  and  and decomposition of '-martensite can quickly complete 
at this temperature. The thickness of the α-phase in the MA Ti64 sample annealed at 800 °C 




Fig.5.2. Representative microstructures of MA Ti64 samples after annealing at various 




Fig.5.3. Representative microstructures of SLM Ti64 samples after annealing at various 
temperatures for 2 hours. 
 
 Fig.5.4 shows the XRD results obtained from all samples analysed. The as-built SLM 
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Ti64 and water-quenched MA Ti64 samples contained mainly α′-phases as expected. No 
changes were detected by XRD after 2 h at 360 °C, 410 °C and 500 °C for the water-
quenched MA Ti-6Al-4V. In contrast, new peaks were observed after 2 h at 360 °C for the as-
built SLM Ti-6Al-4V (see arrows in Fig.5.4a). However, these peaks cannot be properly 





Fig.5.4. X-ray diffraction results of (a) SLM Ti64 and (b) water-quenched mill-annealed Ti64 
after 2h at different temperatures followed by air cooling. 
 
 When held at temperatures above 600 °C for 2 h, both samples exhibited similar 
transformation behaviours. Specifically, the peaks corresponding to the β-phase begin to be 
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detected in both samples after 2 h at 600 °C due to decomposition of the α′-martensite phase. 
The bright phase shown in Fig.5.2 and Fig.5.3 can be determined to be β-phase based on the 
XRD results and its contrast. The intensity of the XRD peaks corresponding to the β-phase 
increased with increasing isothermal holding temperature due to the formation of more β-
phase from the decomposition of the '-martensite phase.   
 To find out the trends of the transformation in both samples, more than 300 α-plates 
were quantified and the results are shown in Fig.5.5. The width of the α′-lamellae in both 
samples is similar from 350 °C to 600 °C. However, above 600 °C, the α-lamellae width in 
the MA Ti64 sample became slightly larger than that in the SLM Ti64 sample. An aspect ratio 
of α- or α′-phase of MA Ti64 samples is larger than that of its counterpart under all annealing 
conditions. The aspect ratio gradually decreased in both samples with increasing isothermal 
holding temperature. A similar trend was observed in both samples. No distinct difference 
was found. 
 
Fig.5.5. (a) Thickness and (b) aspect ratio of the α- or α′-phase after 2 h of isothermal holding 




 In order to look into the kinetics of growth of the α- or α′-phase, isothermal heat-
treatment from 0.5 h to 20 h at 600 °C and 800 °C, has been performed. Fig.5.6 shows the 
microstructure of both SLM and water-quenched MA Ti64 after annealing at 600 °C for 0.5, 
5 and 20 h. Twinned α′-martensite lath was observed in the SLM Ti64 after annealing at 
600 °C for 0.5 h. Those twins were recovered with an increase in annealing time at the same 
temperature. Unlike SLM Ti-6Al-4V sample, water-quenched mill-annealed Ti-6Al-4V did 
not present the twinned α′-martensite lath after annealing at 600 °C for longer than 0.5 h. A 
particle-like β-phase was examined in both samples after annealing for longer than 0.5 h 
except SLM Ti64 after annealing at 600 °C for 0.5 h which shows similar microstructure 
before annealing. In addition, a fraction of bright particle-like β-phase seems to grow with 
increase in annealing time. The α- or α′-lath thickness in both samples was analogous. 
However, its aspect ratio in the water-quenched MA Ti64 is larger than that in the SLM 
sample after annealing.  
 Microstructures in as-built SLM and water-quenched MA Ti64 after annealing at 
800 °C for 0.5, 5 and 20 h is displayed in Fig.5.7. Twinned α-phase examined above was not 
observed in all samples after annealing at the temperature (800 °C). In addition, as expected, 
typical α/β lamellar microstructure comprised of lath-like α-phase and ultrathin fibre-like β-
phase at inter-α-phases was found in those samples. The α-phase thickness in SLM Ti64 was 
similar to its counterpart in water-quenched MA Ti64 after annealing at 800 °C for longer 
time than 0.5 h (all samples for Fig.5.7). However, the aspect ratio of α-phase in both samples 
after annealing at 800 °C for all time conditions indicated differences similarly to the 
microstructure after annealing at 600 °C.  
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 This difference in aspect ratio of the α- or α′-phase in both as-built SLM and water-
quenched MA Ti64 is contributed to the discrepancy in prior-β grain sizes.  
 
Fig.5.6. Representative microstructures of SLM-Built and water-quenched mill-annealed Ti-





Fig.5.7. Representative microstructures of SLM-Built and water-quenched mill-annealed Ti-





 In order to quantify the microstructural features of α- or α′-phase in both as-built 
SLM and water-quenched MA Ti64, more than 300 α- or α′-laths were collected and 
examined. The results are plotted in Fig.5.8. Although the thickness of the α-lath slightly 
increased at 600°C with increasing time, overall the growth is limited. In contrast, significant 
growth was observed at 800°C with increasing time as shown in Fig.5.8a and b. In according 
with the Lifshitz-Slyozov-Wagner (LSW) theory that describes the change of an 
inhomogeneous structure such as solid solution and small crystals in materials, the coarsening 
coefficients of the - or '-phase in the as-built SLM Ti64 and water-quenched MA Ti64 are 
calculated into 0.12 and 0.13 for growth at 600°C, respectively. At 800°C, they are calculated 
to 0.27 and 0.38, respectively. Growth in the water-quenched MA Ti64 is much faster than 
that in the as-built SLM Ti64.     
Regarding the aspect ratio of the α-phase, similar to the changes in the α-lath 
thickness, no significant trend or changes in both samples were observed at 600°C with 
increasing isothermal treatment time (Fig.5.8c). At 800 °C, the aspect ratio decreased with 
increasing duration of isothermal treatment in each case. Overall the changes are similar in 
both samples. 
 It is revealed by this work that the aspect ratio of α- or α′-phase in SLM Ti64 is 
smaller than that in MA Ti64 under each set of heat-treatment condition studied. This gap 
between them can be attributed to the different prior-β grains sizes. In addition, the cooling 
rate in SLM process is much faster than that of water quenching. This has affected the 




Fig.5.8. Thickness of the α- or α′-phase during isothermal treatment at (a) 600° C and (b) 
800 °C. Aspect ratio of the α- or α′-phase during isothermal treatment at (c) 600 °C and (d) 
800 °C. 
 
5.4. Conclusions  
 In this research, the morphological change of the α′-martensite phase during 
decomposition in both SLM and water-quenched MA Ti64 during annealing under various 
conditions has been investigated. The following conclusions can be drawn. 
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1. SLM Ti64 is comprised of smaller prior-β grains than MA Ti64 before annealing. This 
leads to differences in morphological changes during annealing. 
2. Twinned α′-martensite laths are found in the SLM Ti64 annealed at 410 °C for 2 h and at 
600 °C for 0.5 h. However, twinned martensite laths were not observed at higher 
annealing temperatures or longer annealing times. It can be concluded that twinned 
martensitic microstructures are fully recovered under annealing conditions of 800 °C for 
0.5 h or 600 °C for 2 h. 
3. After annealing at 600 °C, particle-like β-phases can be observed in MA Ti64. SLM 
Ti64 showed similar trends in the formation of the β-phase but no β-phase was observed 
in the sample that was annealed at 600 °C for 0.5 h. The volume fraction of the β-phase 
increased with increasing annealing time at 600 °C or 800 °C. The shape of the β-phase 
in both SLM and MA Ti64 is changed from particle-like to thin fibre-like located at α-
lath boundaries by increasing annealing temperature.  
4. The growth rate of α- or α′-lath thickness in water-quenched MA Ti64 is faster than that 
in SLM Ti64 with increasing annealing temperature at the constant holding time of 2 h. 
However, the aspect ratio of α- or α′-lath in both samples showed a similar trend, i.e., it 
decreases with increasing annealing temperature for the specified isothermal holding 
time (2 h). In general, the aspect ratio of the α- or α′-lath in SLM Ti64 is smaller than 
that in MA Ti64 under all annealing conditions. This seems to stem from the smaller 
prior-β grains in SLM Ti64.  
5. During the isothermal treatment, the α- or α′-laths become thicker in a similar rate with 
increasing annealing time at 800 °C. The aspect ratio of α- or α′-laths in both SLM and 
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MA Ti64 becomes smaller with increasing annealing time at 800 °C but the aspect ratio 
in SLM Ti 64 is still smaller than that MA Ti64, similar to the case observed with 
increasing annealing temperature. No distinct changes were observed in the morphology 
of α- or α′-laths in both SLM and MA Ti64 annealed with increasing time at 600 °C. 
6. The different morphological features identified above arise from different initial 
microstructures in SLM Ti64 and MA Ti64. From this observation, it can be concluded 
that the SLM Ti64 possesses smaller prior-β grains and α′-martensite phase than water-
quenched MA Ti64. 
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Chapter 6. In-situ Synchrotron X-ray Analysis of Martensite 
Decomposition in Additively and Conventionally 
Manufactured Ti-6Al-4V 
6.1. Introduction 
 The α′-martensite phase is a non-equilibrium hexagonal close-packed (HCP) phase in 
Ti-6Al-4V formed upon rapid cooling from the above β-transus temperature [1, 2]. Since the 
transformation is diffusionless, the α′-phase is supersaturated with vanadium atoms leading to 
distortion of the lattice or high stress in the lattice, which influence the mechanical 
performance of the alloy [1-3]. By heating the α′-martensite phase to an elevated temperature, 
the martensite phase can decompose into α-phase and vanadium-enriched -phase.  
 In practice, the α′-phase can be utilised for the fabrication of strong and ductile Ti-
6Al-4V. For example, the solution treated and aged (STA) Ti-6Al-4V possesses decent 
mechanical properties and this superiority stems from the decomposition of the α′-phase 
during ageing [4-6]. By manipulating the STA conditions, the microstructure of Ti-6Al-4V 
can be controlled so that different mechanical properties can be achieved [7-9]. In addition to 
this, with selective laser melting (SLM) process, improvement of ductility of Ti-6Al-4V can 
be achieved by carefully manipulated processing parameters.  
 The selective laser melting (SLM) process is characterized by high cooling rates and 
a complex thermal history in the component being fabricated. The α′-martensite can easily 
form during SLM of Ti-6Al-4V. Depending on the subsequent cooling conditions, the 
martensite phase can be retained to room temperature, which is the most common case, or 
154 
 
decompose into - and -phase as shown recently by Xu et al. [10, 11]. 
 The successive heating and cooling during SLM and the high cooling rates that the 
components experience during the SLM process, lead to a unique microstructure in Ti-6Al-
4V compared to mill-annealed Ti-6Al-4V [12-14]. This has inspired significant research on 
the microstructural evolution of SLM-fabricated Ti-6Al-4V under different conditions 
including post-SLM heat treatments. However, the exact change in lattice parameters and 
volume of the α′-martensite phase in SLM-fabricated Ti-6Al-4V during heat treatment has not 
been well understood. The challenge stems from the fact that it generally takes time to 
acquire XRD diffraction patterns from a sample at an elevated temperature with a lab source 
of X-ray. Consequently, the sample that is exposed to the high temperature can be easily 
oxidized and this oxidation interferes with the XRD patterns. In situ synchrotron XRD during 
heating can effectively mitigate this issue. In addition, a thorough understanding of 
decomposition behaviour of the α′-martensite phase in SLM-fabricated Ti-6Al-4V can help to 
improve the SLM process. 
 Herein, the exact decomposition process including changes in lattice parameters of 
α′-martensite phase, relevant constituent phases as well as volume fraction of them in SLM-
fabricated Ti-6Al-4V and water quenched mill-annealed Ti-6Al-4V during heating and 
cooling is investigated using high energy synchrotron X-ray diffraction (XRD). Synchrotron 
XRD is featured by high angular resolution, high peak intensity and short acquisition time. In 
other words, the high angular resolution and peak intensity offer a unique opportunity to 
examine the minor β-phase and other possible minor phases such as α″, Ti3Al and ω, while 
short acquisition time can reduce or avoid oxidation of the sample. It is, therefore, the best 




6.2. Experimental procedure 
 The SLM-fabricated Ti-6Al-4V sample that comprised of α′-martensite phase was 
prepared using laser power of 175 W, layer thickness of 30 μm, scan speed of 710 mm/s and 
hatch spacing of 0.12 mm. For comparison, one mill-annealed Ti-6Al-4V sample was 
solution-treated at 1050 °C for 100 min and then water-quenched to produce a martensitic 
structure. 
 High energy X-ray (λ = 0.5894 Å; photon energy = 21.0338 KeV; beam current = 
200 mA) accelerated by bending magnet in the Australian synchrotron facility (powder 
diffraction beam-line) was used to examine the decomposition and crystallographic transition 
of the α′-martensite phase and relevant minor phases in SLM-fabricated Ti-6Al-4V and 
water-quenched mill-annealed Ti-6Al-4V during heating at a heating rate of 10 °C / min. The 
samples were first cut into 20 mm in height and 10 mm in width and mechanically ground to 
200 µm thick for the experimental setting. 
 Samples were placed onto a heating element in the Anton Paar dome furnace (DHS 
1100) as shown in Fig.6.1. Since the heating element and the sample are surrounded by an 
amorphous dome, the setup can offer good insulation as well as good control of the 
atmosphere inside the dome. The entire space was filled with high-purity Ar gas at 0.13 MPa 
to prevent oxidation of the samples during experiment. The samples were heated up from 
room temperature to 1050 °C at a heating rate of 10 °C / min and held at 1050 °C for 30 min. 
Then, the SLM-fabricated Ti-6Al-4V sample was cooled down to room temperature at a 
cooling rate of 10 °C / min while the water-quenched mill-annealed Ti-6Al-4V sample was 
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air-cooled to evaluate the effect of cooling rates on a formation of minor phases such as α″- 
or ω-phase. In addition, it should be noted that since the samples were placed onto the heating 
element, there was a difference between the setting temperature (at the heating element) and 
the real temperature (at the samples). Temperature calibration was therefore performed with 
Ti-6Al-4V plate having same dimension as the testing samples. The diffraction patterns were 
acquired with the fly-scan method in every 150 sec resulting in 104 patterns for the SLM-
fabricated Ti-6Al-4V sample and 65 patterns for the water-quenched Ti-6Al-4V sample. 
  
 
Fig.6.1. (a) Heating element inside the dome and (b) overview of the Anton Paar dome 
furnace. 
 
 The stage was constantly rotated between -60 and 60 degrees in order to reduce the 
effect of crystal orientation on diffraction patterns because the sample is not in the powder 
form. The stage was tilted at 8° to make an incident angle and a reflection angle as well as to 
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enlarge area where beam attaches. It should be mentioned that a high angle detector (Mythen-
II) was used, namely a Bragg-Brentano type of diffractomer. 
 The Rietveld refinement method was used to find out changes in lattice parameters 
and volume fraction of each phase as well as phase identification. The software used was 
GSAS II (General Structure Analysis System) and every refinement shows an R value of 
below 16, which indicates reasonable results of the refinement [15, 16]. 
 
6.3. Results 
 It is confirmed by the diffraction pattern analysis that, in the initial stage, both the 
SLM-fabricated Ti-6Al-4V and water-quenched mill-annealed Ti-6Al-4V samples exhibited 
various types of titanium oxides as well as the α′-martensite phase and the β-phase as shown 
in Fig.6.2. Since the penetration depth of the X-ray beam (21.0338 KeV) at an incident angle 
of 8 degree is limited to 45 nm [17], the information from the thin titanium oxides layer on 
the surface of each sample is included or unavoidable in the diffraction patterns (Fig.6.2). 
Unfortunately, it is challenging to index those peaks that correspond to the oxides because 
Rietveld refinement has confirmed that the crystallites in them are highly oriented to certain 
directions and more than three different types of oxides are present in the diffraction patterns. 
Nevertheless, one can easily find that the positions of those oxide peaks are invariant during 
experiment while the positions of the other peaks can change. In other words, those peaks 
that show constant positions during the in-situ heating experiment correspond to oxides 
because the crystal structure of a metal oxide is generally very stable at the high temperature. 
Therefore, they are excluded from the subsequent quantitative analysis for the accuracy of 
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Rietveld refinement.  
 Apart from those oxide peaks, the majority of the peaks identified are confirmed to 
be the α′-martensite phase in both samples in the initial stage. The peak around 2 = 21° was 
identified to be one for the β-phase, although its intensity is very small. The peaks 
corresponding to the α′-phase and the β-phase kept shifting their positions during the in-situ 
heating experiment, which suggests that their lattice parameters changed with temperature 
during the heating. In addition, it was observed that during heating, two more peaks 
corresponding to the β-phase started to emerge, which makes it much easier to accurately 
identify and quantify the β-phase. Unexpectedly, the formation of the α2 phase (Ti3Al) was 
also observed in both samples. It began to form from above 500 °C during heating. However 
it disappeared below 500 °C during cooling. It was further observed that the positions of 
those peaks for the α2-phase remained unchanged during experiment, unlike the case for the 
α-phase and β-phase. This can be attributed to the fact that the α2-phase is an intermetallic 
compound and is stable up to higher temperatures. 
 Even though both the SLM-fabricated Ti-6Al-4V and the water-quenched mill-
annealed Ti-6Al-4V consist of the α′-martensite phase, the decomposition behaviour of the α′-
martensite phase in these two samples turned out to be distinctly different. Specifically, the 
positions of those peaks corresponding to the α′- or α-phase in the SLM-fabricated Ti-6Al-4V 
fluctuated at about 700 °C, while those in the water-quenched Ti-6Al-4V moved constantly 
from the right to the left. In addition, the width of the characteristic peak indicating the α′- or 
α-phase in the water-quenched Ti-6Al-4V is broader than its counterpart in the SLM-
fabricated Ti-6Al-4V. From this observation, it can be inferred that the HCP lattice (i.e. the α′- 
or α-phase) in the water-quenched Ti-6Al-4V possesses a large amount of micro-strain and 
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consequently the α′- or α-phase exhibited small variations in its lattice parameters at elevated 
temperatures. 
 In order to evaluate the effect of cooling rate on the formation of minor phases such 
as the α″- or ω-phase or transition of any crystal structure, different cooling rates were 
applied. The SLM-fabricated Ti-6Al-4V was cooled at 10 °C/min (slow cooling), while the 
water-quenched mill-annealed Ti-6Al-4V was air-cooled. No formation of the α″- or ω- phase 
was detected at both cooling rates. It should be pointed out that the intensity of each peak 
became increasingly weak as the experiment process went on due to the oxide layer in the 
surface becoming thicker and thicker with increasing exposure time to the high test 











 The α′-phase in both samples contains a large amount of micro-strain in its lattice as 
shown Fig.6.3a and b. The refinement result of the diffraction patterns obtained from the 
water quenched Ti-6Al-4V sample revealed a relative level of 11000 of micro-strain in the α′-
lattice (Fig.6.3b) while the level of micro-strain in the α′-lattice in the SLM-Built sample is 
about 8500 (Fig.6.3a), in the initial stage. The stress relieved temperature and micro-strain 
level after stress relief are consistent in both samples. For instance, the width of α′-phase 
peaks in the water quenched Ti-6Al-4V presented in Fig.6.2b is wider than that in the SLM-
fabricated sample (Fig.6.2a). The α′-phase in water-quenched mill-annealed Ti-6Al-4V thus 
has a higher level of micro-strain in its lattice than the α′-phase in the SLM-fabricated Ti-6Al-
4V. To be more specific, the lattice volume of the α′-phase in the water-quenched mill-
annealed Ti-6Al-4V increased by 3.4% during heating up to 997°C (Fig.6.3b) compared to an 
increase of only 1.7% in the SLM-fabricated Ti-6Al-4V (Fig.6.3a). In addition, it was found 
that relief of the micro-strain started from about 420 °C and the micro-strain reached the 
lowest level at 650 °C for both samples. This high-resolution synchrotron study revealed for 
the first time to the authors' knowledge that stress relief in the '-martensite phase in Ti-6Al-
4V starts from 420 °C and ends at 650 °C and this provides a fundamental basis for post-
SLM stress-relief heat-treatments. 
 It was found that in both the SLM-fabricated Ti-6Al-4V and water-quenched mill-
annealed Ti-6Al-4V the α′-martensite phase has slightly lower values of c/a (≈1.596) than the 
α-phase (≈1.604) decomposed from the α′-phase. It should be noted that the ideal value of c/a 
for a HCP lattice (P63/mmc) is 1.633 [18]. Fig.6.3a and b display the discordance between 
trends of lattice volume and c/a value changes of the HCP lattice and this means that the 
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effect of thermal expansion of HCP lattice on the increase in c/a value of that is marginal. For 
example, in spite of large fluctuation in lattice volume change as shown in Fig.6.3a, the c/a 
value still increases linearly in that region, which means that the c/a ratio is changed 
regardless of the thermal expansion or the effect of it is small. Therefore, it is natural to 
conclude that the α′-martensite phase indicates lower c/a value than α-phase and this 
difference can be used to differentiate α′-martensite phase from α-phase. 
 In addition to this, change in lattice volume of α′- or α- phase in SLM-fabricated Ti-
6Al-4V (Fig.6.3a) indicates different trend to that in water-quenched mill-annealed Ti-6Al-
4V (Fig.6.3b). To be more specific, the lattice volumes of the α′-martensite phase in SLM and 
water quenched samples is 34.7 Å
3
 and 34.6 Å
3
 respectively before heating and with 
increasing temperature that is getting larger until the temperature reaches 625 °C. At higher 
temperature, the lattice volume of the phase in SLM-fabricated Ti-6Al-4V decreases with 
increasing temperature from 625 °C to 816 °C and at above 816 °C, that starts to increase 
again (Fig.6.3a) while the lattice volume of the phase in water-quenched sample continuously 
increases (Fig.6.3b). As a result, at the highest temperature of 997 °C, the lattice volume of α-
phase in SLM and water-quenched sample is 35.3 Å
3
 and 35.8 Å
3
 respectively. It is 
confirmed that the decomposition behaviour of the α′-martensite phase in SLM-fabricated Ti-
6Al-4V is different to that in its water-quenched mill-annealed counterpart. 
 The volume fractions of the β-phase in SLM-fabricated and water-quenched Ti-6Al-
4V are 4.6% and 5% at the initial stage, respectively. They are steady in the temperature 
range from room temperature to 700 °C and start to increase rapidly at the higher temperature. 
At 997 °C, the volume fractions of the β-phase in SLM-fabricated and water-quenched Ti-
6Al-4V are 57.4 % and 50.3 %, respectively. In addition to this, the α2-(Ti3Al) phase was 
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formed in both samples at 497 °C and in spite of increase in temperature, the volume fraction 
of that kept constant. As a result, both samples present similar increasing trends in volume 
fraction of the β- and α2-phases. 
 It should be noted that since the number of the peaks corresponding to β-phase is 
only one before reaching 620 °C, it is too tricky to calculate lattice parameter as well as 
volume fraction of the phase from refined diffraction patterns. However after that temperature, 




Fig.6.3. Micro-strain, lattice volume and c/a value of the α′- or α- phase in (a) SLM-
fabricated Ti-6Al-4V and (b) water-quenched mill-annealed Ti-6Al-4V. The volume fraction 





 In general, the SLM process is featured by high cooling rates [19], which are higher 
than water quenching. However, the thermal effect from the melting of subsequent layers and 
partial remelting of each solidified layer for metallurgical bounding can relieve the high 
residual stress to a certain extent. In that regard, it is not surprising that the α′-phase in water-
quenched mill-annealed Ti-6Al-4V can exhibit a high level of micro-strain in its lattice than 
the α′-phase in the SLM-fabricated Ti-6Al-4V. This is supported by the observation that the 
expansion of volume of the HCP lattice in the water-quenched Ti-6Al-4V during heating is 
more significant than in the SLM-fabricated Ti-6Al-4V. Another important reason is that the 
α′-phase in SLM-fabricated Ti-6Al-4V is often heavily twinned as shown in Chapter 4 and 
also reported by other researchers [20, 21]. The formation of twins in the α′-phase can play a 
significant role in alleviating the micro-strain or residual stress in the HCP lattice in the SLM-
fabricated Ti-6Al-4V.  
 The decomposition of the α′-phase in the SLM-fabricated Ti-6Al-4V and water-
quenched Ti-6Al-4V was found to be different by the synchrotron XRD studies shown in 
Fig.6.2. This can also be attributed to the difference in the internal structure of the α′-phase, 
i.e., the existence of a significant portion of heavily twinned α′-phase in SLM-fabricated Ti-
6Al-4V (Chapter 4). This is supported by two other observations. One is that the α′-lattice in 
water-quenched Ti-6Al-4V has a higher level micro-strain (less or no reduction of micro-
strain due to the absence of twinning). The other is that the volume of the α′-lattice in water-
quenched Ti-6Al-4V grew continuously because the recovery process for alleviating heavily 
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twinned α′-phase during annealing is not required. 
 For example, in the case of SLM-fabricated Ti-6Al-4V, at temperature less than 




 sections in Fig.6.3a since the twins do not affect the expansion 
of lattice volume of α-phase, the volume gradually increases. However at the temperature 
between 625 °C and 816 °C, the lattice volume decreases by releasing twins through recovery 
of α′-phase accompanied with slow grain growth. Then, the twins are completely relieved at 
temperatures higher than 816 °C and the lattice volume starts to increase again. The existence 
of twins in the αʹ-martensite phase at lower temperatures (<625 °C) and the release of them at 
higher temperatures (>800 °C) were addressed in Chapter 5. On the other hand, since the 
lattice of the α-phase in the water-quenched Ti-6Al-4V possesses higher micro-strain, it is 
reasonable to assume that it does not have twins or has much less twins compared to the 
SLM-fabricated Ti-6Al-4V. Therefore, the volume of the lattice of the α phase in the water-
quenched Ti-6Al-4V is continuously growing because the recovery process during annealing 
is not significantly involved. 
 As a result, the decomposition of the α′-martensite phase in the SLM-fabricated Ti-
6Al-4V can be divided into four stages as shown in Fig.6.3a. In the first stage, the α′-
martensite phase remains unchanged. The second stage is characterised by reduction in 
micro-strain in the lattice of the α′-phase. This is followed by the recovery process through 
the disappearance of twins. In the last stage, the α′-martensite phase fully decomposes into 





 In this research, the decomposition of the α′-martensite phase in both SLM-fabricated 
and water-quenched mill-annealed (MA) Ti-6Al-4V has been investigated by in-situ 
synchrotron XRD from a crystallographic perspective. The following conclusions can be 
drawn. 
1. Both SLM-fabricated and water-quenched MA Ti-6Al-4V are comprised of α′- and β-
phase and the amount of β-phase is less than 5 % before the in-situ heat treatment. No 
α″-phase and ω-phase were found during the in-situ heating experiment. However, 
the formation of the α2-phase was detected at temperatures higher than 500 °C and 
the amount of this phase was about 2 vol.% in both samples. The volume fraction of 
the β-phase began to increase rapidly from 700 °C in both samples. 
2. The α′-martensite phase shows lower c/a values than the stable α-phase and this 
difference can be used to help to distinguish between the α′- and α-phases. 
3. The water-quenched Ti-6Al-4V shows a higher level of micro-strain than the SLM-
fabricated Ti-6Al-4V. This can be attributed to the formation of significant proportion 
of twins in the α′-phase in the SLM-fabricated Ti-6Al-4V, which have presumably 
reduced the stress and thermal effect from the deposition of subsequent layers.   
4. The stress relief in the '-martensite phase in the SLM-fabricated Ti-6Al-4V starts 
from 420 °C and ends at 650 °C. This finding provides a fundamental basis for 
pursuing effective post-SLM stress-relief heat-treatments. 
5. It is suggested that the twins in the α′-martensite phase can excite the recovery 
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process during annealing and this may play a role in leading to different 
decomposition behaviours of the SLM-fabricated and water-quenched MA Ti-6Al-4V. 
6. During decomposition of the α′-martensite phase, both the volume and c/a ratio of the 
α′-lattice increase while the micro-strain level decreases. The volume fraction of the 
β-phase increases rapidly after the completion of the decomposition. 
7. The surface oxide layer of both SLM-fabricated and water-quenched MA Ti-6Al-4V 
became thicker at high temperatures (> 900 °C) even though the samples were held in 
a high-purity argon atmosphere. However, owing to the short acquisition time, high 
angular resolution and strong intensity of synchrotron XRD, it is still possible to 
investigate the change in crystal structure of each phase of interest during in-situ 
heating. In addition, by carefully manipulating the experimental settings, quality 
results can still be achieved. 
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Chapter 7. Selective laser melting-fabricated Ti-6Al-4V: 
microstructural inhomogeneity, consequent variations in 
elastic modulus and implications  
 
7.1. Introduction 
 Selective laser melting (SLM) is an established powder-bed-fusion-based additive 
manufacturing (AM) process today [1-5]. A wide variety of metallic materials have been 
processed to date by this process. In particular, AM of Ti-6Al-4V (wt. %) has received 
extensive attention due to both its broad applications in various industry sectors and its high 
cost of manufacture and long lead time by the conventional manufacturing processes [2, 5]. 
AM provides an important solution to the manufacture of Ti-6Al-4V components, especially 
for the manufacture of intricate bone implants. 
 In a typical SLM process, the metal substrate or build platform is preheated to 200ºC 
and fine metal powder is spread on the platform at a layer thickness of 30-60 μm. Areas 
selected according to the digital design are then scanned by laser, which can quickly heat up 
the selected area to above 2000 ºC for melting, followed by solidification at cooling rates in 




 ºC/s [5]. The process is repeated layer by layer until the part is completed. 
However, the AM of each new layer undergoes an ever-changing thermal environment, where 
specimen or part geometry and dimensions can add further complexity to the process [6, 7]. 
Consequently, the microstructure and therefore the mechanical performance of each 
additively manufactured layer can be different in principle. Many studies on SLM of Ti-6Al-
4V have discussed variations in both microstructure and mechanical properties [8-11]. They 
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all contributed to the understanding of SLM of Ti-6Al-4V. 
 This study aims to provide a detailed quantitative evaluation of the microstructural 
inhomogeneity in SLM-fabricated Ti-6Al-4V using micro-X-ray diffraction (μ-XRD) 
together with scanning electron microscopy (SEM) and the consequent elastic modulus 
variations. The motivation is for the manufacture of long-lasting and better performing Ti-
6Al-4V bone implants. Ti-6Al-4V is a premier implant alloy. In particular, additively 
manufactured extra low interstitial (ELI) Ti-6Al-4V implants has found significant 
applications since 2007 [12, 13], because of the unrivalled advantage of AM in design 
freedom and much reduced lead time. However, as with conventionally manufactured Ti-6Al-
4V implants, additively manufactured Ti-6Al-4V implants continue to face two issues, i.e. the 
excessively high elastic modulus compared with that of human cortical bone, which can 
cause stress shielding, and the toxicity of both V and Al. Attaining an in-depth understanding 
of the microstructural inhomogeneity including the distribution of V and Al and the resultant 
elastic modulus variations in SLM-fabricated Ti-6Al-4V is essential to capitalize on the SLM 
process for the manufacture of desired Ti-6Al-4V bone implants. 
 
7.2. Experimental procedure 
7.2.1. Mateials and slective laser melting 
 Gas atomized ELI Ti-6Al-4V powder produced by TLS Technik GmbH & Co. 
(ASTM Grade 23, 0.1wt.% O, 0.009 wt.% N, 0.008 wt.% C, 0.17 wt.% Fe, <0.002 wt.% H; 
size range: 25-45 μm) was used to fabricate Ti-6Al-4V specimens using a SLM 250HL 
system (SLM solution GmbH). The SLM parameters used include laser power of 375 W, 
layer thickness of 60 μm, hatch spacing of 120 μm, scan speed of 1029 mm/s and focal offset 
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distance of 2 mm. Since the section thickness of most SLM-manufactured intricate parts of 
Ti-6Al-4V is < 20 mm, the specimen dimensions were chosen to be 12 mm in diameter and 
20 mm in height. They were built on a pre-heated substrate of Ti-6Al-4V (200 °C) under 
argon (Ar) atmosphere and the recoater time (i.e. the interval between spreading layer n and 
layer n+1) was 12s. 
 
7.2.2. Characterisation  
 Each as-built specimen was sectioned into two equal halves along the build direction. 
Fig.7.1 (a, b) shows two such halves and the selected build heights for detailed 
microstructural characterisation of the microstructural inhomogeneity and variations in elastic 









                 (a)                               (b) 
Fig.7.1. Illustration of specimen dimensions and selected build heights for (a) phase 
identification by μ-XRD and characterisation of elastic modulus and (b) contour map of c/a 















 A micro X-ray diffraction facility (μ-XRD, Cu Kα; Bruker D8 DISCOVER with a 
500 μm beam size) was used for phase identification at different selected locations from the 
same polished section. The μ-XRD can be applied to areas of 500 μm in size and is unique in 
that it can allow a comprehensive analysis of the constituent phases at each point including 
the determination of the lattice parameters of each phase identified. In addition, the Vantec 
2000 detector 2D MikroGap Detector) used in the μ-XRD system combines the best 
functions of classic X-ray films and electronic single X-ray photon detection to enable the 
acquisition of as much two-dimensional (2D) information as classic film cameras within 
seconds for more informative phase identification. The μ-XRD 2D patterns (i.e., ring patterns) 
offer more information such as crystallographic orientation than the 1D line diffraction 
patterns. In addition, the ring patterns can make the identification of a minor phase that is 
often absent from the line patterns easier due to the higher resolution and better contrast in 
the ring patterns versus line patterns. In this study, the lattice parameter contour map for the 
β-phase is constructed from the μ-XRD ring patterns as the volume fraction of the β-phase is 
too small to be identified from the line patterns.  
 Since the μ-XRD at the laboratory scale offers only a small angle range of Debye-
Scherrer diffraction patterns, two fixed angles were used to cover the range for indexing the 
phases in Ti-6Al-4V. In this study, the μ-XRD facility was operated at 40kV and 40 mA with 
an exposure time of 400 s at 40° (i.e., the angle set between the incident beam and diffracted 
beam is 140°) and 70° (i.e., the angle set between the incident beam and diffracted beam is 
110°). The diffraction patterns were formed from the diffracted beams at the Vantec 2000 
detector 2D MikroGap Detector) in real time.  
 For phase identification along the build height in the central region of the specimen 
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shown in Fig.7.1a, the acquired 2D μ-XRD patterns were converted into 1D diffraction 
patterns using the GADDS software from the Bruker Company in order to use the standard 
XRD database for indexing the phases. In addition to focusing on different build heights, as 
illustrated in Fig.7.1b, 40 different positions were selected for more comprehensive μ-XRD 
across the entire section. The purpose was to construct a contour map that can reveal the 
variation of lattice parameters for each phase from 2D μ-XRD patterns. Such lattice variation 
contour maps can provide an overall informative view of the phase distribution across the 
entire specimen section, which is challenging to achieve based on 1D XRD diffraction 
patterns.      
 Microstructure was characterised using scanning electron microscopy (SEM; FEI 
Verios 460L) in both the secondary electron (SE) mode and backscattered electron (BSE) 
mode.  Micro-mechanical testing was performed at seven selected build heights along the 
building direction, using a Hysitron TI-950 Triboindenter system (nanoindenter tip: a 
Berkovich type tip) under a 5000μN load at a loading time of 10 s and an unloading time of 
10 s as well. An array of 49 indents (7×7, spaced at 10 μm) was carried out at each selected 
build height as shown in Fig.7.1a for statistical analyses. The indentation size is ~1 μm square. 
The square matrix of 7×7 indents thus covers an area of about 61 μm × 61 μm. The estimated 
average - or '-lath thickness in the specimen is ~0.5 μm. Hence, each square matrix 
contains about 120 - or '-laths along either its horizontal or vertical direction to ensure 




7.3. Results  
7.3.1. Constituent phases and microstructures at different build heights  
 Fig.7.2 shows the μ-XRD line diffraction patterns obtained from different build 
heights along the central position shown in Fig.7.1a. The hexagonal close-packed (HCP) α-
phase or α'-phase is prominent at each build height. In order to identify the diffraction peaks 
for the β-phase, the patterns over the 2 range from 38º to 42º are zoomed up and shown in 
Fig.7.2b. The β-phase was detected only at Build Heights 1-3, i.e. at the first 10 mm from the 
bottom. The absence of the β-phase at Build Heights 4-7 from the μ-XRD line patterns is due 
to the very small volume fraction of the β-phase (i.e., the α'-phase being predominant at these 
build heights). In addition, the conversion from the 2D μ-XRD patterns to 1D μ-XRD line 
patterns has probably affected the accurate presentation of the results (accurate 2D results 
will be shown in Fig.7.5). Nevertheless, the μ-XRD results suggest clear changes in 







Fig.7.2. (a) μ-XRD obtained from different build heights shown in Fig.7.1a. (b) is a closer 
view of the 2 range from 38º to 42º in order to identify the β-phase.    
 
 The microstructures at each built height were examined in detail using SEM in the 
backscattered electron (BSE) mode. Fig.7.3 shows representative microstructures at each 
build height in two different columns (low and high magnifications). The microstructure of 
the SLM-fabricated Ti-6Al-4V alloy showed clear differences along the build height due to 
different thermal conditions. In conjunction with the μ-XRD results, it can be concluded that 
(i) the bottom half of the specimen (i.e., Build Heights 1 to 3 in Fig.7.1a) consists of α-β 
lamellae (Fig.7.2), where the β-phase forms at α-phase boundaries as ultrafine strips (bright 
contrast due to V enrichment); (ii) the top region (i.e., build heights 6 and 7) is composed of 
α'-martensite; and (iii) from Build Height 4 to Build Height 5 the microstructure is a mixture 
of α', α and β but the β-phase is negligible (not detectable by μ-XRD). Overall, the 
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microstructure is featured by - and -phases in the bottom half while the '-phase is 





Fig.7.3. SEM-BSE images showing distinct variations of microstructures at different build 
heights shown in Fig.7.1a. 
 
 Fig.7.4 shows the α-lath (for Build Heights 1-3) or α'-lath (for Build Heights 4-7) 
thickness distribution. A total of 300 α-laths or α'-laths were measured at each build height. 
The α-laths showed a similar range of thickness distribution (150-1200 nm wide) at build 
heights 1 and 2 but less coarse α-laths were observed at build height 3. The α'-laths were 
similar from build height 4 to build height 6 but those in the top surface (i.e. Build Height 7) 




Fig.7.4. Thickness distribution of the α- or α'-lath at each build height shown in Fig.7.1a (300 
measurements at each height).   
 
7.3.2. Characterisation of constituent phases by lattice parameters based on μ-XRD  
 The 2 values for both the metastable α'-martensite phase and the stable α-phase in 
Ti-6Al-4V essentially overlap each other so that they are not distinguishable on the μ-XRD 
line patterns. However, the α'-phase is supersaturated with V while the stable α-phase is 
depleted of V. Consequently, their lattice parameters (a and c) including the ratios of c/a 
should be different, which can be used to identify the two phases including their distribution 
in the microstructure. For these reasons, the lattice parameter a of the β-phase and the ratio of 
c/a for the α-phase or α'-phase were calculated from a detailed analysis of the μ-XRD 2D ring 
patterns acquired from 40 different locations shown in Fig.7.1b. The comprehensive data are 
plotted in Fig.7.5 across the entire specimen section shown in Fig.7.1b to offer a macro-view 
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of the distribution of each phase by lattice parameter information. The lattice parameter data 
provide more comprehensive and reliable information than the line patterns shown in Fig.7.2.   
 The c/a ratio exhibited clear variations from the bottom to the top of the assessed 
specimen as shown in Fig.7.5a. To be more specific, the HCP phases in the bottom part of the 
specimen showed higher ratios of c/a (1.600 in general), which correspond to the stable α-
phases by Fig.7.2. In contrast, the HCP phases detected in the upper part of the specimen are 
featured by lower ratios of c/a ( 1.600), which correspond to the metastable α'-phases by 
Fig.7.2. The c/a ratio of the HCP phase in the specimen generally decreased from the bottom 
(α-phase) to the top (α'-phase). It is clear from Fig.7.5a that the constituent phase changes 
both along the build height and from the surface to the central region of the specimen at the 
same build height especially above a certain build height from the bottom (~ 7 mm in this 
study).  
 




 (b) Lattice parameter a for -phase 
Fig.7.5. Contour maps of (a) c/a ratios for the α- or α'-phase and (b) lattice parameter a for -
phase across the section of 12 mm × 19.8 mm shown in Fig.7.1b based on μ-XRD 2D 
patterns. The blank or white region in Fig.7.5b indicates the absence of the β-phase by μ-
XRD.      
 
 Fig.7.5b shows the variations in the lattice parameter for the β-phase. Compared to 
the μ-XRD line patterns shown in Fig.7.2, the presence of a small amount of the β-phase was 
identified in the central region of the specimen (slower cooling there) up to about Build 
Height 6 based on a detailed analysis of the μ-XRD 2D patterns. These XRD data about the 
β-phase are more reliable than the line patterns shown in Fig.7.2 from which no β-phase was 
detected at Build Heights 6 and 7 due to its small amount. It should be noted that Fig.7.5b is 
not a volume distribution map of the β-phase. Rather, the variations can be regarded as an 
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indication of the distribution of the V content in the β-phase in relation to different thermal 
histories (the internal stress may have affected the measurements to a certain extent). Below 
the -transus (~995 ºC), the V content in the β-phase of Ti-6Al-4V is determined by the 
isothermal hold temperature, which affects both the equilibrium volume fraction of the β-
phase and the diffusivity of V [14, 15]. No β-phase was detected at Build Heights 6 and 7 (the 
top surface region). It is clear from the results shown in Figs.7.2-7.5 that even though the 
specimen cross section (12 mm × 20 mm) is small, distinct microstructural inhomogeneity 
developed under the specified SLM conditions.  
 
7.3.3. Elastic modulus at different build heights   
 The microstructural inhomogeneity revealed above led to measurable variations in 
mechanical performance. Fig.7.6 shows the elastic modulus results obtained from the nano-
indentation tests at different build heights. The elastic modulus in the bottom half (Build 
Heights 1-4) measured by nanoindentation varied within a narrow range of 166.6 ± 5.1 GPa. 
However, it showed a nearly linear decrease afterwards with increasing building height, 
where the elastic modulus of the top surface was the lowest. The deflection from Build 
Height 4 is not totally surprising because there is an abrupt change in both the constituent 





Fig.7.6. Elastic modulus versus build height shown in Fig.7.1a (49 measurements at each 
height).   
 
7.4. Discussion  
7.4.1. Microstructural inhomogeneity in SLM-fabricated Ti-6Al-4V  
 The distinct difference in the constituent phase and microstructure with increasing 
build height is a result of the complex thermal effect experienced by each build height. In 
principle, the basic phase transformation processes are clear during SLM of Ti-6Al-4V. The 
small melt pool in each layer solidifies as part of parallel long columnar -grains in the build 
direction due to epitaxial growth. These as-solidified -grains inhibit the composition of Ti-
6Al-4V and are stable before the temperature decreases to the -transus temperature. If the 
subsequent cooling rate is faster than > 410 ºC/s [5, 16], then the ' (martensite) 
transformation occurs at about 800 ºC. Owing to the small melt pool size and the low 
186 
 
powder-bed temperature in SLM, it is generally accepted that the   ' transformation 
occurs at the build height. The subsequent development at each build height depends on the 
actual cyclic thermal effect to be experienced there. In general, the three most common 
scenarios include  
1. The metastable '-martensite is retained to room temperature due to fast cooling (e.g., 
> 20 ºC/s [16]) from 800 ºC so that the decomposition of the '-martensite is 
suppressed such as those shown by the SEM-BSE images taken from Build Heights 6 
and 7 in Fig.7.3.  
2. The '-martensite decomposes into  and  phases, either partially or entirely, at 
cooling rates of slower than 20 ºC/s [16]. The -phase nucleates and grows at the '-
' boundaries in the form of either ultrathin strips or short fibre-like features such as 
those shown by the SEM-BSE images taken from Build Heights 1 and 2 in Fig.7.3.   
Depending on the diffusion time, the distribution of V in these -phases can be 
different, which is reflected in the lattice parameter contour in Fig.7.5b (residual 
stress is another influential factor).      
3. The '-martensite transforms back into  due to temperature being raised to above the 
-transus. This occurs in areas adjacent to the remelted region, where during SLM, 
each previously solidified layer needs to be partially remelted to join the subsequent 
layer. The V content in the -phase at different build heights can vary in a wide range 
due to the different thermal histories at each build height [14, 15]. In addition, 
residual stress may have played a role. Hence, the resultant '-phases can have 
different lattice parameters (Fig.7.5a).        
 The gradual disappearance of the β-phase from the mid-height (Fig.7.2) and the fully 
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martensitic microstructure observed in the top 3.5-mm thick region (Fig.7.3) both reflect the 
different thermal histories experienced at respective build heights during SLM. Its influence 
can be detrimental or beneficial as discussed below about the elastic modulus.  
 
7.4.2. Elastic modulus of martensite in SLM-fabricated Ti-6Al-4V and implications   
 The measured elastic modulus by the nanoindentation technique (166.6 ± 5.1 GPa) is 
clearly higher than the elastic modulus of Ti-6Al-4V (typically around 120 GPa but it can 
increase noticeably due to texture, oxygen content and different types of quenching and 
ageing treatments [17]). It is known that the elastic modulus value can remain constant, 
increase or even decrease with decreasing specimen size [18-23]. No research data seem 
available on the dependence of the elastic modulus of titanium materials on specimen size. 
This study indicates that the elastic modulus of Ti-6Al-4V increased when measured from a 
small volume in the order of 1 μm3 or less.   
 As shown in Fig.7.6, the fully martensitic top region (i.e., Build Height 7) exhibited 
much lower elastic modulus than the fully - region at the bottom. To the authors' 
knowledge, only one previous study has measured the elastic modulus of a fully '-
martensitic Ti alloy (i.e., as-quenched Ti-8wt.%V) [24]. The elastic modulus of the as-
quenched Ti-8wt.%V (~85 GPa, Fig. 8 of Ref. [24]) is much lower than the typical elastic 
modulus of a non- Ti alloy (100-140 GPa). The low elastic modulus of '-martensite can be 
attributed to lattice expansion due to the supersaturated V atoms and increased defects in the 
lattice (i.e., dislocations, twins and stacking faults) [24]. The lower elastic modulus property 
of '-martensite offers an additional identification method for '-phase in Ti-6Al-4V.     
 The identification of the lower elastic modulus of the '-phase in SLM-fabricated Ti-
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6Al-4V has important implications. ELI Ti-6Al-4V is a primary bone implant alloy used 
today. In particular, AM is quickly replacing conventional manufacturing processes for the 
manufacture of intricate Ti-6Al-4V implants. The high elastic modulus of Ti-6Al-4V has long 
been a major concern for implant applications. The most critical part of an implant is its 
surface. This study suggests that the surface of a SLM-fabricated Ti-6Al-4V implant can be 
made to be fully '-martensitic to mitigate the significant elastic modulus mismatch with 
human bone. Another potential attribute is that an '-martensitic Ti-6Al-4V surface contains 
homogeneous V (4%) and Al (6%). In contrast, a normal --Ti-6Al-4V surface consists of 
Al-enriched -phase (>6%Al) and V-enriched -phase (>8%V, due to the small volume 
fraction of the -phase) as shown in Fig.7.3 (images for Build Height 1, where -phase is 
grey while -phrase is bright due to V). In that regard, an '-martensitic Ti-6Al-4V surface 
could be more beneficial to implant applications versus an --surface.                    
 
7.5. Summary  
 This focused experimental study has revealed that even though the SLM-fabricated 
Ti-6Al-4V specimens were small (12 mm × 20 mm), distinct changes in constituent phases 
were observed under specified SLM conditions from the mid-build height to the top both 
along the build direction (vertical) and the horizontal direction. In general, below the mid-
build height the constituent phases were  and  while above that ' was predominant. 
Similarly, the constituent phase changes at the same build height from the surface to the 
central region of the specimen when the build height exceeds a certain height (~7 mm in the 
study). The '-martensite in SLM-fabricated Ti-6Al-4V showed much lower elastic modulus 
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than the - lamellae. This property can be used to mitigate the elastic modulus mismatch of 
SLM-fabricated Ti-6Al-4V implants with human bone. In addition, an '-martensitic Ti-6Al-
4V surface contains homogenous Al (6%) and V (4%) and is free of Al-enriched -phase and 
V-enriched -phase, which could be more beneficial to implant applications versus an --
surface. Finally, the μ-XRD 2D ring patterns offer an improved approach for the 
identification of the -phase in SLM-fabricated Ti-6Al-4V, which is usually absent from the 
normal XRD line patterns due to its small volume fraction.      
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Chapter 8. Conclusions and Recommendations for Future Work 
8.1. Conclusions   
 In this thesis, the α′-martensite phase in the Ti-6Al-4V alloy fabricated using the 
selective laser melting (SLM) process has been characterized using various characterization 
techniques. Distinctive microstructural features of the α′-martensite in SLM-fabricated Ti-
6Al-4V were evaluated by comparison of the decomposition behaviours of this phase in both 
additively and conventionally manufactured Ti-6Al-4V. In addition, the microstructural 
uniformity in SLM-fabricated Ti-6Al-4V was investigated. The following conclusions can be 
drawn from these studies. 
1. The microstructure in SLM-fabricated Ti-6Al-4V was featured by the twinned α′-
martensite phase and small prior-β grains compared with water-quenched mill-
annealed (MA) Ti-6Al-4V. These features play an important role in the enhancement 
of tensile ductility as well as tensile strengths. The SLM process can be employed to 
manufacture Ti-6Al-4V that can offer superior tensile mechanical properties to those 
of the mill-annealed Ti-6Al-4V.  
2. The α′-martensite phases in SLM-fabricated Ti-6Al-4V can be classified by their 
location and size into four types, namely primary, secondary, tertiary and quaternary 
martensite. This classification can be used to characterize and quantify the α′-
martensitic microstructures in Ti-6Al-4V. For example, the relative amount of the 
primary and secondary α′-martensite plates can affect the mechanical performance of 
the SLM-fabricated Ti-6Al-4V. 
3. The α′-martensite phase was shown as needle-, lath- and lenticular in two dimensional 
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(2D) micrographs. However, detailed examination of the α′-martensite phase by using 
reconstructed three-dimensional (3D) images revealed that the morphology of the α′-
phase is plate-like or patch-like. The distinct discrepancy in the 2D and 3D 
morphology of the phase arises from the viewing angles to the α′-martensite plate 
being examined. 
4.  Twinned α′-martensite phases disappeared in SLM-fabricated Ti-6Al-4V after 
annealing at 600 °C for 0.5 h or at 410 °C for 2 h. It can be concluded that the twins in 
the α′-martensite phases in the SLM-fabricated Ti-6Al-4V underwent a recovering 
process under those annealing conditions. 
5. Particle-like β-phases were observed in water-quenched mill-annealed Ti-6Al-4V 
after annealing at 600 °C for 0.5 h. In addition, XRD pattern analyses confirmed the 
presence of the β-phase. However, no β-phase was found in the SLM-fabricated Ti-
6Al-4V annealed under the same condition. It was observed after annealing at 600 °C 
for 1, 2, 5 and 20 h. The amount of the particle-like β-phase in both alloys increased 
with increasing annealing time at 600 °C. In addition, the shape of the β-phase in both 
alloys evolved from particle-like to thin fibre-like at the α-lath boundaries with 
increasing annealing temperature. 
6. The α-phase in the water-quenched mill-annealed Ti-6Al-4V grew faster than its 
counterpart in the SLM-fabricated Ti-6Al-4V with increasing annealing temperature 
for a fixed holding time of 2 h. The aspect ratio of the α-phase in both alloys deceased 
with increasing annealing temperature. The aspect ratio of the α-lath in the SLM-
fabricated Ti-6Al-4V is smaller than that in the water-quenched mill-annealed Ti-6Al-
4V at all annealing temperatures for a fixed annealing time of 2 h.  
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7. During the isothermal annealing treatment, the α-laths in SLM-fabricated and water-
quenched mill-annealed Ti-6Al-4V thickened at a similar rate with increasing 
annealing time at 800 °C. The average aspect ratio of the α-laths in both alloys 
became smaller and smaller with increasing annealing time at 800 °C. However, the 
average aspect ratio of the α-laths in SLM-fabricated Ti-6Al-4V remained to be 
smaller than that in water-quenched mill-annealed Ti-6Al-4V, similar to the case 
observed with increasing annealing temperature. No distinct microstructural changes 
were observed in both alloys when annealed at 600 °C for below 20 h.  
8. The in-situ observation by synchrotron X-ray radiation revealed that the HCP lattice 
of the α′-phase in water-quenched mill-annealed Ti-6Al-4V possessed a larger amount 
of micro-stain (i.e., stress) than the HCP lattice of the α′-phase in the SLM-fabricated 
Ti-6Al-4V. This micro-strain begun to be relieved from 420 °C and showed the lowest 
level at 650 °C. The formation of twins in the α′-martensite phase in SLM-fabricated 
Ti-6Al-4V played a role in reducing the micro-strain level in the HCP α′-phase.  
9. The c/a ratio of the HCP lattice in both SLM-fabricated and water-quenched mill-
annealed Ti-6Al-4V increased with increasing temperature during heating. As a result, 
the α′-phase showed lower c/a ratios than the α-phase decomposed from the α′-phase. 
This feature can be used to help differentiate the α′-phase from the α-phase. However, 
both alloys showed different responses to heating in terms of the increase in lattice 
volume and this difference could be attributed to the presence of the twinned α′-phase 
in SLM-fabricated Ti-6Al-4V. 
10. No α″- and ω-phase was identified in both SLM-fabricated and water-quenched mill-
annealed Ti-6Al-4V, before annealing, during heating and cooling by synchrotron X-
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ray radiation. However, the formation of the α2-phase (Ti3Al) was observed at 
temperatures higher than 500 °C during heating by synchrotron X-ray radiation  but 
disappeared at temperatures below 500 °C during cooling as shown in Ti-Al binary 
phase diagram. The volume fraction of the β-phase in both alloys was maintained at 
about 5% over the temperature range from room temperature to 700 °C but it begun to 
rapidly increase beyond 700 °C. 
11. The microstructures in local regions in SLM-fabricated Ti-6Al-4V can vary 
significantly. For example, the bottom-half of a cylindrical sample (12 mm × 20 mm) 
mainly consisted of the α- and β-phase while the α′-martensite phase was predominant 
in the upper half of the sample with the top 3.5 mm thick region being fully 
martensitic. The thickness and the c/a ratio of the α- or α′-lath in the sample decreased 
from the bottom to the top. The complex thermal history in the SLM-fabricated Ti-
6Al-4V led to the microstructural inhomogeneity. 
12. As a consequence of the inhomogeneous microstructure mentioned above, different 
Young′s modulus values in different build heights are measured. For instance, the 
Young′s modulus in the bottom half of the cylindrical sample (12 mm × 20 mm) was 
similar while it gradually decreased from the mid-build height to the top due to the 
amount of the α′-martensite phase. 
  
8.2. Main recommendations for future work 
1. It was confirmed by the research presented in Chapter 4 that reconstructed 3D images 
possess more accurate and meaningful information about the morphological features 
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of the microstructure than 2D micrographs. For this reason, it is suggested that both 
the prior-β grain structure and the arrangement of the β phase in the ultrafine α/β 
lamellar microstructure in SLM-fabricated Ti-6Al-4V after annealing should be 
investigated with reconstructed 3D microstructures.  
2. Chapter 4 showed that both the prior-β grain size and the fraction of the twinned α′-
martensite phase can play an important role in the enhancement of the tensile 
mechanical properties of SLM-fabricated Ti-6Al-4V. Further studies on the 
relationship between the SLM processing parameters and the amount of the twinned 
α′-phase and prior-β grainsize should be conducted. 
3. A detailed investigation of the α′-martensitic microstructures can allow a much better 
understanding of the twinned α′-phase. It is expected that the formation mechanism of 
twins and its effect on the decomposition of the α′-martensite can be derived by 
comparing the mis-orientation angle and coherency of the α′-martensite boundaries 
with those at twin boundaries. 
 
 
 
